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ABSTRACT 
Following the satisfactory response of the unbonded post-tensioned precast concrete jointed 
wall system tested for seismic performance as part of the PREcast Seismic Structural Systems 
(PRESSS) test building, a set of design guidelines was published. Based on t hese guidelines, 
Thomas fj Sritharan developed a procedure to analyze the unbonded jointed wall systems. 
The primary objective of this research is to improve this analysis procedure so that it can be 
applied to analyze both unbonded post-tensioned single walls and jointed wall systems. Using 
the experimental data from PRESSS test building, ATLSS research center single wall tests, 
the accuracy of this analysis procedure and that based on the monolithic beam analogy(MBA) 
are examined. It was found that both the analysis methods predicted the moment resistance 
of the walls adequately at the given base rotation. Based on these analysis procedures, revised 
set of design guidelines are proposed for design of precast jointed wall systems wit h unbonded 
post-tensioning steel. A detailed investigation on the influence of several wall parameters on 
the lateral load behavior of jointed wall system is conducted and a new jointed wall concept 
refer to as the "jointed wall-column (JWC) system"is proposed. It is shown by analysis that, 
the SWC system will be more economical than that of an equivalent jointed wall system tested 
in the PRESSS building. 
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CHAPTER 1. INTRODUCTION 
1.1 General 
Concrete structural walls provide a cost effective means to resist seismic lateral loads and 
thus they are frequent ly used as the primary lateral load resisting system in reinforced concrete 
buildings. Structural walls with high flexural stiffness typically assists in limit ing t he inter-
st ory drift and consequent ly causes limited structural damage during seismic events. Superior 
performance of buildings t hat consisted of structural walls was evident in several past seismic 
events [2]. The concrete structural walls can be of cast-in-place concrete or of precast concrete. 
With the added benefi ts of prefabrication , precast walls make an excellent choice for resisting 
la teral loads in concrete buildings. However , the application of precast systems is in general 
limited in seismic regions due to the lack of research information, which in t urn, has imposed 
constraints in the current design codes. T his chap ter presents an introductory discussion on 
the performance of t he structural walls in past earthquakes as well as on the concept of precast 
unbonded jointed wall systems for seismic regions . 
1.2 Past Performance of Precast Structures with Structral Walls 
Significant structural damage to concrete frame buildings and precast structures has been 
observed in moderate to large earthquakes that have occurred from 1960 to 1999. Fintcl, who 
examined the structural damage of buildings after several of these eart hquakes, repor ted t hat 
there was not a single concrete building with structural walls that experienced any significant 
damage [5] . A detailed literature review was conducted by Thomas & Srit haran [18] on the 
2 
seismic performance of precast structures with structural walls during the seismic events that 
occurred from 1960 to 1990. The most damaging recent earthquakes, which alerted the en-
gineering community to closely examine the seismic behavior of precast structures, were the 
1994 Northridge earthquake in California, the 1995 Kobe earthquake in J apan, and the 1999 
Kocaeli earthquake in Turkey. 
In the 1994 Northridge earthquake, several precast concrete parking structures performed 
poorly, causing significant structural damage. The primary cause for this damage was not any 
inherent deficiency in precast concrete elements, but was the use of poor connection details 
between precast elements and the violation of deformation compatibility (i.e. gravity framing 
system in buildings should deform along with earthquake-force-resisting-system and maintain 
its gravity load carrying capacity) expected in design codes by the parking structures. An 
investigation of the structural damage after the seismic event revealed t hat the lateral load 
resisting precast shear walls remained uncracked, while precast concrete elements of the floor 
system collapsed [19]. The positive aspect of all the devastation caused by the 1995 Kobe earth-
quake was good performance of several precast and prestressed concrete structures. Apartment 
buildings in Japan are typically two-to-five stories in height , and some of these buildings also 
include precast concrete walls as the primary elements to resist the gravity and lateral loads. 
None of these buildings that included the precast walls experienced any damage in the Kobe 
earthquake [see Figure 1.1], while cracking of concrete members was observed in cast-in-place 
concrete buildings. In the 1999 Kocaeli earthquake, a few apartment buildings with large pre-
cast wall panels connected in vertical and horizontal directions were found to have performed 
more t han adequately amidst a lot of devastation [see Figure 1.2]. 
1.2.1 Limitations of Precast Concrete Application in Seismic Regions 
There are several limitations that restrict the use of precast coucrete iu seismic regions. 
The primary limitation stems from poor performance of precast concrete frame buildings in 
the past seismic events. Although the poor performance of buildings was largely attributed 
to the use of substandard materials, poor construction practices, and insufficient design of 
3 
Figure 1.1 Precast concrete structures that experienced no damage during 
the 1995 Kobe earthquake in Japan [19]. 
connections, it had contributed to the decline of designers' confidence in the use of precast 
concrete in seismic design [20]. 
Stringent provisions in the model building codes of the United States (e.g . Uniform Building 
Code (1997), NEHRP (1997), and International Building Code 2003 (2002)), also limit the 
precast concrete applications in seismic regions [21]. Typically these building codes require 
that the precast seismic systems be shown by analysis and tests to have lateral load resisting 
characteristics that are equal or superior to those of monolithic cast-in-place reinforced concrete 
systems. This requirement has led to the development of a design concept known as the 'cast-
in-place emulation' [11, 21, 22]. To develop precast systems using the cast-in-place emulation, 
the current building codes propose two alternative designs: 1) structural systems that use 
"wet joints"; and 2) structural systems based on "dry joints" . In precast structural systems 
with wet joints , thC' connections are established using in-situ concrete to achieve the cast-in-
place emulation [6]. However, these systems do not have all of the economical advantages 
of precast concrete technology because of the use of in-situ concrete. Furthermore, precast 
concrete systems that emulate the cast-in-place concrete systems have joints that are typically 
proportioned with sufficient strength to avoid inelastic deformations within these joints. Plastic 
hinges in these systems are forced to develop in the precast members, which does not lead 
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Figure 1.2 Precast concrete structures that experienced no damage during 
the 1999 Kocaeli earthquake in Turkey [19].] 
to an economical design. Dry joints in precast buildings are typically established through 
bolting, welding, or by other mechanical means. The behavior of precast concrete systems 
with dry joints differs from that of the emulation systems because the dry joints create natural 
discontinuities in the structure. The dry joints are often inherently less stiff than the precast 
members, and thus the deformations tend to concentrate at these joints. 
These above described limitations present an opportunity for the development of innovative 
precast concrete seismic structural systems that may be quite different from the emulation 
types in term of concept and behavior[l ]. Also, it is clear that a new structural system with 
an established set of design techniques will promote the confidence in the designers to use the 
precast concrete option for seismic design. 
1.3 Unbonded Precast Post-Tensioned Wall Systems 
Iu response to the recognized need to overcome the limitations for the use of precast concrete 
in seismic regions, the PRESSS (PREcast Seismic Structural Systems) program was initiated 
in the early 1990's in the United States. Through this program, researchers envisioned to 
fulfill two primary objectives: (1) to develop comprehensive and rational design reconnnen-
dations based on fundamental aud basic research data which will emphasize the viability of 
5 
precast construction in various seismic zones, and (2) to develop new materials, concepts and 
technologies for precast construction suitable for seismic application [l]. 
As part of the PRESSS program, several tests were conducted at the University of Cali-
fornia, San Diego (UCSD), and Lehigh University on unbonded precast wall systems to: (1) 
validate a rational design procedure for precast seismic structural systems, (2) provide ac-
ceptance of prestressing/post-tensioning of precast seismic systems, (3) provide experimental 
proof of overall building performance under seismic excitation, and ( 4) establish a consistent 
set of design recommendations for precast seismic structural systems [23]. 
The post-tensioned structural wall systems investigated as a part of the PRESSS program 
were the unbonded post-tensioned single walls and unbonded post-tensioned jointed wall sys-
tems. A jointed wall system was included in the PRESSS test building that was tested at 
UCSD [7, 9, 23]. At Lehigh University, several unbonded post-tensioned precast single walls 
with horizontal joints were tested [19]. Although the focus of this thesis is on jointed wall 
systems, analysis and design of single walls with unbonded post-tensioning tendons are also 
addressed. 
1.3.1 Jointed Wall System 
In a jointed wall system, two or more unbonded single precast walls are connected to each 
other with the help of special connectors along the vertical joints, as shown in Figure 1.3. 
Unbonded post-tensioned steel is distributed symmetrically about the center of each wall. The 
basic concept of the wall system is that it allows the wall to rock individually at the base when 
the wall system is subjected to lateral loads and return to its vertical position after the event 
has concluded [9]. 
The post-tensioned steel is typically designed to remain elastic under the design-level earth-
quake loading. As a result , the post-tensioning steel provides the restoring force for the jointed 
wall when the applied lateral load is removed. This restoring force helps to minimize the 
residual displacements of the wall when the lateral load is removed. The restoring capacity 
of the jointed wall depends on the amount of post-tensioning steel, the number of vertical 
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Figure 1.3 Det ails of a precast concrete jointed wall system . 
connectors, ini t ial prestressing force, and the cyclic behavior of t he ver t ical connector. T he 
vertical connectors dissipate energy by experiencing inelastic deforma tions under the applied 
earthquake loads . The shear transfer from the wall to the foundation at t he base utilizes a 
fri ction mechanism. For these reasons, jointed wall systems have the abili ty to dissipate energy 
wi th minimal damage and li ttle residual drift . 
1.4 Research Scope 
At various stages of t he precast se1sn11c systems development, guidelines were proposed 
for t he design of jointed walls under seismic lateral loads. As used for monoli thic walls, a 
section level analysis can not be easily performed at the base of a jointed wall due to t he st rain 
incompatibili ty induced by t he usage of unbonded post-tensioned reinforcement . This has led to 
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design and analysis methods that approximate the strength of confined concrete and use of the 
equivalent rectangular stress block for predicting the neutral axis depth for design calculations 
and the structural behavior of the jointed wall. Using the experimental results available from 
the PRESSS building test and those from the single wall tests at Lehigh University, the study 
presented in this thesis is to ( 1) modify the guidelines for jointed wall design proposed by 
Thomas 8 Sritharan, (2) revise the seismic design guidelines for the designing of precast 
jointed walls , (3) study the behavior of the multi-panel (more than two wall panels) jointed 
wall, and ( 4) study the various factors influencing the jointed wall capacity and develop an 
efficient design to resist lateral loading. 
The accuracy of the modified analysis is examined by comparing the analysis results with 
the experimental data. Also as a part of this study, a software tool has been developed in 
Visual Basic to predict the moment rotation behavior of jointed precast wall systems, with 
unbonded post-tensioned steel. 
1.5 Report Layout 
This report contains five chapters including the introduction presented in this chapter. 
The following chapter provides a summary of literature review, which includes brief discussion 
of previous experimental and analytical investigations on the lateral behavior of unbonded 
precast wall systems. Various design methodologies proposed for seismic design of unbonded 
precast wall systems are also included in this chapter. This is followed by a chapter entitled 
"Analysis and Validation of Behavior of Unbonded Precast Wall Systems" . An analytical 
procedure developed by Thomas 8 Sritharan [l.18] with certain modifications is presented in 
this chapter. It also consists of a comparison of results from the analytical models with the 
experimental data for single wall as well as jointed wall systems. Chapter 4, entit led "Design 
Procedure for Unbonded Post-Tensioned Jointed Wall Systems" , presents a revised set of design 
equations suitable for the jointed wall systems with design examples. Finally, Chapter 5 
contains a summary of the report, along with the conclusions drawn from the research results 
and recommendations for future research. The thesis also includes three appendices, which 
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contain the derivation of (3 value, the accuracy of the design equation for jointed wall systems 
presented in Chapter 4, and a detailed parametric study along with an optimum solution for 
the jointed wall in a paper format. 
g 
CHAPTER 2. REVIEW OF LITERATURE 
2.1 Introduction 
An overview of previous research conducted on precast concrete walls for seismic applica-
tion is presented in this chapter. The literature review, which primarily focuses on unbonded 
post-tensioned precast walls, is categorized under three headings: experimental studies, an-
alytical procedures, and design methodologies. In the section under experimental studies, 
large-scale tests conducted on unbonded precast walls by researchers at University of Califor-
nia at San Diego (UCSD) as part of the PRESSS program, researchers at ATLSS Research 
center of Lehigh University, and Rahman and Restrepo at the University of Canterbury, New 
Zealand are summarized. In the analytical studies section, different analytical methods pro-
posed for analyzing the unbonded post-tensioned precast walls with connectors are presented. 
The monolithic beam analogy concept proposed by Pampanin et al. (2001) and the subse-
quent investigation by Thomas 8 Sritharan (2003), the analytical method proposed by Per-ez 
ct al. (2004) and the analysis procedure established based on the PRESSS design guidelines by 
Thomas 8 Sritharan (2003) are described in detail. Finally, the design guidelines proposed by 
Galusha, Stanton €1 Nakaki, and Perez, Pessiki 8 Sause are summarized in the design section. 
2.2 Experimental Studies 
2.2.1 PRESSS Research Program 
As discussed in Chapter 1, the focus of the PRESSS program was to develop comprehensive 
and rational design recommendations to emphasize the viability of precast concrete structures 
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in seismic regions. As a part of this program, a 603 scale model of a five story precast building 
with moment resisting frames in one direction and a precast jointed wall in the perpendicular 
direction [see Figure 2.2] was tested at UCSD. The main objectives of this large-scale testing 
were 1) to demonstrate the viability of precast concrete for seismic regions through experimen-
tal means, and 2) to develope seismic design guidelines for precast concrete systems, which 
can be incorporated into the model building codes. 
Figure 2.1 The jointed precast wall included in the PRESSS test building 
[18]. 
The precast jointed wall used in the PRESSS building consisted of a total of four 8-in thick 
wall panels, each 2~ stories tall (18.75-ft) by 9-ft wide. The panels were joined vertically to form 
two walls separated by a small gap between them. Each wall was secured to the foundation 
using four unbonded post-tensioning bars. These two walls were connected horizontally by 20 
U-shaped flexural plates (also referred to as U-plates or UFP connectors) , which were placed 
in the gap between the walls in vertical direction. The U-plates were used as the connector 
because of their ability to maintain force resistance under large displacements and contribute 
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Figure 2.2 Plan view of the PRESSS test building showing different seismic 
systems [9]. 
to energy dissipation by flexural yielding of the plates. 
The test building was subjected to a series of simulated seismic tests, including the pseudo-
dynamic tests involving modified segments of recorded accelograms. Based on the observed 
response of the PRESSS building, it was concluded that the structural response of the wall 
system under different levels of seismic loading was excellent [see Figure 2.3] and damage to t he 
precast jointed wall was noticeably negligible even when subjected to loads that were greater 
t han the design-level ear thquakes [Figure 2.3]. 
The observations reported by Priestley et al. on the behavior of the jointed wall are 
summarized as follows [8,23]. 
1. The experimentally measured peak roof displacement at the design level ear thquake was 
8.3 inches, which was about 83 lower than the target design displacement of 9 inches. 
2. When subjected to 1503 of t he design-level eart hquake load , t he wall experienced a 
maximum displacement of 11.5 inches, with damage limited to spalling of cover concrete 
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at the wall toe regions. 
3. After the 1503 design-level load was removed, the wall had only 0.063 residual-drift 
showing the self-centering capability of the jointed wall, which was due to the restoring 
force provided to the wall by unbonded post-tensioned steel. 
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Figure 2.3 The measured response of the PRESSS building m the wall 
direction [8]. 
2.2.1.1 Behavior of UFP connector 
The UFP connector [Figure 2.4] is an energy-dissipating flexible connector which resists 
the vertical shear force by rolling on a vertical plate and undergoing flexural inelastic action, 
thereby contributing to energy dissipation. The UFP connector for the PRESSS wall was 
fabricated with ductile 304 stainless steel to prevent cracking, which might occur in curved 
regions during the fabrication due to the use of a srnall radius. As a part of t he PRESSS 
research program, Schultz and Magana investigated the behavior of UFP connector for seismic 
applications [13]. They found that the stainless steel UFP connector is nearly 2.5 times stronger 
than it was assumed. Overall , they reported that the UFP proved to be a desirable connector to 
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resist seismic actions that were simulated using reversed displacement cycles with an equivalent 
drift ratios of up to 2%. As a part of the research conducted at Iowa State University, Thomas 
tested the UFP connectors and established a force vs. displacement envelope for the UFP 
connector [see F igure 2.5] . 
.I 
a) Elevation b) Section c) UFP Connector t = 16 (518) 
Figure 2.4 Details of the UFP connector investigated by Schultz and Ma-
gana [13] . 
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Figure 2.5 The force-displacement response envelope established for the 
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2.2.2 Single Wall Tests At The ATLSS Research Center 
[19] A set of unbonded post-tensioned precast concrete single walls with the horizontal joints 
were tested under reversed cyclic loading at the ATLSS research center of Lehigh University 
in order to investigate their lateral load behavior. The tests were conducted on 5/12 scaled 
models, which represented a prototype precast wall designed for a six-story office building 
[Figure 2.6]. This study investigated the effect of total area of prestress steel, initial stress 
in post-tensioning steel, and confinement of concrete on the lateral load behavior of single 
precast walls with unbonded post-tensioning. As a part of this research, an analytical model 
was developed to predict the lateral behavior of this type precast walls. 
Unlike the PRESSS wall, the test walls did not contain any vertical joints or ductile con-
nectors, which were the primary energy dissipation source in the PRESSS wall. Also, the 
post-tensioning steel in these walls was distributed along the wall lengths, whereas the un-
bonded steel was concentrated at the center of each wall in the PRESSS building. A total of 
five precast walls, designated as TWl, TW2, TW3, TW4, and TW5, were tested as part of this 
research. The dimensions and the material properties of the wall specimens are summarized in 
Table 2.1. The specimens TWl and TW2 were identical walls and utilized spiral reinforcement 
for concrete confinement in the bottom panel [Figure 2.6b, Figure 2.6c-1]. The specimens TW3 
and TW 4 were identical except for the initial stress in pres tressing steel, and both walls u ti-
lized hoop reinforcement for confinement [Figure 2.6c-2] . Wall TW5 had the same confinement 
details as the TW3, but had less prestressing steel and initial prestressing stress compared to 
TW3. TWl was tested under monotonic lateral loading with a constant gravity loading, while 
all other wall specimens were tested under cyclic lateral loading with a constant gravity load 
[Figure 2.6 a]. The force-displacement responses of the test units observed under cyclic lateral 
loading are shown iu Figure 2.7 and Figure 2.8, with the summary of the important results in 
Table 2.2. 
Based on the observed experimental responses of the test units, the following conclusions 
were drawn about the behavior of the precast single walls by Perez et al. [19] . 
1. Significant gap opening occurred only along the base joint of the unbonded wall after the 
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TWl & TW2 TW3 TW4 TW5 
Length 100 in. 100 in. 100 in. 100 in. 
Height 284.75 in. 284.75 in. 284.75 in. 284.75 in. 
U nbonded Height 390 in. 390 in. 390 in. 390 in. 
Wall Thickness 6 in. 6 in. 6 in. 6 in. 
Length of confinement 26. 75 in. 26.875 in. 26.875 in. 26.875 in. 
Height of confinement 130 in. 130 in. 130 in. 130 in. 
Thickness of confinement 4 in. 4.75 in. 4.75 in. 4.75 in. 
Prestress Steel Area 7.5 in2. 7.5 in2. 7.5 in2 . 3.75 in2. 
Eccentricity of steel 17.25 in. 17.25 in. 17.25 in. 20 in. 
Initial Stress in 88.5 ksi 88.5 ksi 44.3 ksi 44.3 ksi 
prestressing steel 
Initial prestressing 663.6 kip 663.6 kip 331.8 kip 165.9 kip 
Force 
Initial Stress in Concrete 1.19 ksi 1.19 ksi 0.59 ksi 0.59 ksi 
Yield Strength of 60 ksi 60 ksi 60 ksi 60 ksi 
confinement steel 
Ultimate Strength of 90 ksi 90 ksi 90 ksi 90 ksi 
confinement steel 
Concrete Strength Uc) 6 ksi 8 ksi 8 ksi 8 ksi 
Young's modulus 4415 ksi 5098 ksi 5098 ksi 5098 ksi 
of concrete 
Confinement Steel 7.39 % 2.47% 2.47% 2.47% 
Volumetric Ratio Psp :1.75% :1.75% :1.75% 
( x,y directions) 
Confined Concrete Strength (.f~c) 14 ksi 13 ksi 13 ksi 13 ksi 
Ultimate Strain Capacity (Ecu) 0.102 0.159 0.159 0.159 
of Confined Concrete 
Axial Load (N) 173.4 kips 173.4 kips 173.4 kips 173.4 kips 
Table 2.1 The properties of single walls tested at the ATLSS research cen-
ter [19]. 
Specimen Max.Drift (%) llfex p Residual Drift Failure Mode 
TWl 3.7 157.8 - crushing of concrete 
TW2 3.7 157.8 0.1 buckling fialure 
TW3 3.75 155.8 -0.1 crushing of concrete 
TW4 4.14 148.2 0.03 crushing of concrete 
TW5 6.24 99.7 -0.01 crushing of concrete 
Table 2.2 Key results reported for the unbonded post-tensioned precast 
walls tested at ATLSS center [19]. 
Load Cell 
Bracing Pad 
FoundatiDn 
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Figure 2.6 Test setup and the confinement details for the ATLSS test walls 
by perez et. al [19]. 
decompression limit state and the lateral drifts of the walls were governed by this gap 
opening behavior along the base. 
2. The flexural cracking was concentrated at the base of the walls which resulted in a 
significantly reduced amounts of energy dissipation . 
3. Inelastic strains were developed in the prestressing steel at large drift ratios, causing loss 
of prestress load upon unloading. Prestress losses in the range of 11-23% were observed 
when the walls were displaced to higher drift levels. 
4. Although the post-tensioned steel yielded during the experiments, the extent of yielding 
wRs minimal. The largest strain measured in prestressing steel was 23% of strain capacity, 
which shows a comfortable factor of sRfcty for t he fracture of post-tensioning steel. 
5. The test specimens showed a small or no residual displacement upon removal of lateral 
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Figure 2.7 Experimental response of TWl under monotonic loading [19]. 
loads, which was the result of having enough restoring force in the system that was 
provided by the unbonded prestressing steel. The observed largest residual displacement 
during the wall test before failure was 0.13. 
6. From the experimental results it was concluded t hat a post-tensioned precast concrete 
wall can be designed to mainta in its base shear capacity up to a lateral drift of 63 
without failing or suffering significant damage at the ends of the wall base. 
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Figure 2.9 Experimental cyclic load response of walls TW 4 and TW5, re-
spectively [19]. 
2.2.3 Rahman and Restrepo 
Rahman and Restrepo [24] tested three precast concrete shear walls: one connected to the 
foundation by means of post- tensioning only, and the other two connected to the foundation 
by post-tensioning steel and mild steel reinforcement. The construction details of units 2 and 
3 are shown in Figure 2.10. Units 2 and 3 were identical, except for the confinement length, 
axial load, and debonded length of the mild steel reinforcement. These walls used a milled bar 
as the energy dissipater and the milled portion of the bar was embedded into the foundation. 
The two wall units performed satisfactorily under applied cyclic lateral loading. The force vs. 
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displacement history of these units are shown in Figure 2.11. 
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2.3 Analytical Studies 
2.3.1 KURAMA et al. 
The flexural behavior of single unbonded post-tensioned concrete walls with the horizontal 
joints was investigated analytically at Lehigh University (Kurama et al. ) [6, 14, 15] . The 
analytical study used a beam-column fiber element available in t he DRAIN-2DX program 
(Prakash and Powell 1993) to model the axial flexural behavior of an unbonded post-tensioned 
precast wall. Based upon the numerous simulations (nearly 98) of the wall model under seismic 
loading and cyclic loading, Kurama et al, proposed various limit states to represent the lateral 
behavior of the unbonded post-tensioned walls [see Figure 2.11 ]. The first of these states is 
the Decompression State, which is the point when gap opening would init iate in the horizontal 
joint at the wall base. The second state is the Softening State. From this state on, not iceable 
reduction to the lateral stiffness of t he wall would be observed. This state is followed by t he 
Yielding State, which defines the point when the strain in the post-tensioning steel reaches the 
yield strain. The final state is the Failure State, a point at which the flexural failure of the 
wall occurs due to crushing of confined concrete at the wall toe regions. Based on the various 
simulations, the following conclusions were drawn: 
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1. The nonlinear elastic behavior of the post-tensioning tendons provides self-centering ca-
pability for the post-tensioned precast walls. 
2. The nonlinear displacements occur primarily due to gap opening along the horizontal 
joints. 
3. The lateral load behavior of the unbonded post-tensioned walls can be represented by a 
tri-linear curve, joining the various wall limit states defined above. 
4. From the analysis, it was found that the unbonded post-tensioned wall had larger dis-
placements under seismic loading when compared to a normal monolithic concrete wall, 
but the post-tensioned wall had small residual displacement. 
5. The unbonded post-tensioned walls can be analyzed by using the fiber beam-column el-
ement available in the DRAIN-2DX program. 
baseshea1 V 
failure 
st.tte 
(Vcsc• ~.J 
1oof 1lriftA 
Figure 2.12 Wall limit states proposed by Kurama et al.[14, 15] 
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2.3.2 PRESSS Analysis Procedure 
Based on the performance of the PRESSS building, Stanton and Nakaki established a de-
sign procedure for jointed precast walls [10]. By reversing this design procedure, the PRESSS 
analysis procedure was derived by Thomas (2003). The steps involved in this analysis proce-
<lure can be summarized as follows : 
Step 1: Denne wall dimensions and material properties. This includes: grout strength (!~ ), 
concrete strength (!~) , concrete density ('Ye), modulus of elasticity of post-tensioning steel (Ep), 
yield strength of post-tensioning steel (f py), area of post-tensioning steel ( Ap), initial stress 
in post-tensioning steel (fp0 ), unbonded length of post-tensioning steel (hu), number of panels 
( n) , height of each wall ( hw), length of wall panel ( Lw) , thickness of wall ( tw) , and connector 
force-displacement relationship to determine the force in connector (Fsc ) 
Step 2: Select a base rotation ( (}) 
Select a value for (} between 0 and 0.03. 
Step 3: Determine various parameters: 
• Calculate the increase in stress in the post-tensioning tendon between zero base rotation 
and t he selected base rotation assuming the wall rocked about its corner: 
(2.1 ) 
• Calculate the self-weight of each wall: 
(2.2) 
• Determine the total gravity load on one wall panel: 
W = Wpanel + L wWfloor (2.3) 
where, wfloor is the distributed vertical load on the wall from all floors. 
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• Calculate the compression capacity of one wall panel: 
(2.4) 
where, k1 is the uniform stress in the equivalent rectangular stress block divided by J;. 
Step 4: Assume force P in the post-tensioning tendon at the selected base rotation. 
Step 5: Determine forces at base rotation (e), as illustrated in Figure 2.13. 
• Calculate the total tension force: 
N=P+W (2.5) 
• Calculate the compressive force: 
C = N ± Fsc (2.6) 
where, Fsc is the force in the UFP connectors determined using a suitable force-displacement 
response as discussed above. A value for Fsc should be assumed for the first iteration 
and the value from the previous iteration based on the wall end uplift may be used as a 
satisfactory initial value for the subsequent iterations. 
• Calculate the distance from the compression face to the center of the compression force 
divided by the length of the wall (Lw): 
(2.7) 
( aLw defines the distance from the edge of the wall to the resultant compression force.) 
• Calculate the distance from the compression face to neutral axis depth divided by the 
length of the wall ( Lw ): 
a 
1/ = 2-/31 
(1/Lw defines the neutral axis depth) 
• Calculate the wall end uplift: 
6..endti ft = eLw( l - T/) 
(2.8) 
(2.9) 
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• Determine a new value for Fsc based on the force-displacement curve for the connector. 
• Calculate the elongation of the post-tensioning tendon: 
t::,.P = eLw(0.5 - 77) 
• Calculate the increase in stress in t he post-tensioning tendon: 
• Calculate the total stress in t he post-tensioning tendon: 
f p = fpo + l::,. fp :S f PY 
• Recalculate t he total post-tensioning force: 
Iterate Step 5 until P converges. 
Step 6: Compute the resisting moment of the wall panel: 
Mwall = Lw(C (0. 5 - o:) + 0.5Fsc) 
Steps 3 through 6 should then be repeated for each addit ional wall. 
Step 7: Compute the resisting moment of the entire wall systern : 
n 
lvfwall ,systern = 2.:= !11wall 
l 
(2.10) 
(2.11) 
(2.12) 
(2.13) 
(2.14) 
(2.15) 
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Figure 2.13 Forces acting on a three wall jointed system. 
2.3.3 Analysis Procedure Based on MBA 
2.3.3.1 Background 
To overcome the strain incompatibility at the section level, Pampanin et al. (2001 ) [25] 
proposed the monolithic beam analogy concept to analyze precast frame systems wit h jointed 
connections having unbonded reinforcement. This method was extended and investigated 
for the jointed wall systems by Thomas & Sritharan (2003) [18] . In this method, a simple 
relationship between the extreme concrete fiber strain, neutral axis depth ( c), and t he base 
rotation ( ()) was established by setting the total displacement of the jointed precast wall equal 
to the total displacement of an equivalent monolithic wall. Accordingly, 
(2.16) 
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where, Ec,ext is the ext reme fiber concrete strain at t he crit ical section. Thomas 8 Sritharan 
found that the plastic hinge length (L p) equal to 0.06 hw gave good prediction of the observed 
base moment vs. lateral displacement response and the elongation of the prestressing steel 
as a function of the lateral displacement for the PRESSS wall system [18] . Hence, t he above 
equation can be expressed in the following form. 
e 
Ec,ext = c( </>e + 0.06hw) w her e 
M 
</>e =---
Ecl ej f 
where <Pe is the wall elastic curvature and M is t he base moment at base rotation e. 
2.3.3.2 Analysis Procedure 
(2.1 7) 
T he steps involved in t he MBA analysis procedure as sugessted by Thomas 8 Sritharan 
can be summarized as follows [18]: 
Step 1: Denne wall dimensions and m aterial prop erties. T his includes: grout strength (!;), 
concrete strength (!~) , concrete density ('"Ye ), modulus of elasticity of post-tensioning steel (Ep ), 
yield strength of post-tensioning steel (Jpy), area of post-tensioning steel ( Ap), ini t ial stress 
in post-tensioning steel (Jp0 ) , unbonded length of post-tensioning steel (hu), number of panels 
( n) , height of each wall ( hw), length of wall panel ( Lw), thickness of wall ( tw), and connector 
force-displacement relationship to determine t he force in connector (Fsc) 
Step 2: Calculate moment resistance of each wall at the decompression point: 
(2.18) 
where, 
Step 3 : Select a base rotation e, where 
o ::; e ::; o.o3 
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Step 4: Assume a neutral axis depth ( c) for a selected base rotation e. 
Step 5: Calculate forces corresponding to base rotation (B) and neutral axis depth (c) as-
suring t hat the equilibrium condition is met. Utilizing the wall geometry, 
• Calculate the tendon elongation: 
!:::.p = B(0.5Lw - c) (2.19) 
• Calculate the increase in tendon stress: 
!:::.f' = E !:::.v 
.P Ph 
•w 
(2.20) 
• Calculate the total post-tensioning force (P) and the total tension force (N) under the 
current base rotation and assumed neutral axis depth: 
(2.21) 
N=P+W (2.22) 
Step 6: Determine the force contribution of the connectors usmg the force-displacement 
curve. In this approach, the relative vertical displacement between the two adjacent walls is 
approximated to the wall-end uplift, which is estimated using the geometry of the wall: 
l::::.endl i ft. = O(Lw - c) (2.23) 
For a given wall end uplift, assume the force in the connector is Fsco· The compressive force 
( C) can be determined from the equilibrium condition at the wall base in the vertical direction: 
For extreme wall panels, 
C = N ± Fsc (2.24) 
For intermediate wall panels, 
C = N + Fscl - Fsc2 
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where Fse = NeonFseo, Neon is the total number of connectors in the vertical joint. 
Step 7: Determine the extreme fiber concrete strain for the assumed neutral axis depth 
( c): 
M () 
Ee,ext = c( E I .. + 0 061 ) 
e ej j · lw 
(2.25) 
where M is the base moment resistance of the wall panel, Ee is the modulus of elasticity of 
concrete, and I ef f is the effective moment of inertia of the wall. 
Step 8: Using a confined concrete model, calculate the resultant compression force and its lo-
cation. The confined concrete model suggested by Mander et al(1988), was selected by Thomas 
f3 Sritharan to define the stress-strain curves for confined and unconfined concrete. According 
to this model, the stress-strain relationship of the confined concrete is as follows: 
f. _ f~exr e -
r - 1 + xr 
7 94j' j' f~e = J~ (2.254 1 + ~ - 2 1.1, - 1.254) J e . e 
/ 
Eee = 0.002(1 + 5( JI - 1)) 
where 
Ee 
:r=-
Eee 
E e 
r=----
E e - Esee 
f~e is the peak confined concrete strength 
Eee strain corresponding to f~e and 
and Esee = f~e 
Eee 
(2.26) 
(2.27) 
(2.28) 
(2.29) 
f; is the effective lateral confining stress. While assumed equal to zero for unconfined regions, 
J; is the sum of f;x = kePxfyh and f;y = kePyfyh for rectangular confined regions. Px and Py 
are the transverse reinforcement area ratios in the principal directions. 
f(e is the confinement effectiveness coefficient and 0.6 is recommended for rectangular wall 
sections. 
29 
By integrating the stress-strain profile (using the numerical techniques) , determine the area 
(Aconc) under the stress-strain curve up to Ec,ext· The resultant compression force can be found 
by: Cconf = twAconc · In this procedure, the location of the resultant force ( Cyi) can be found 
out. If the resultant compressive force ( Cconf) is not equal to the compressive force established 
by equilibrium (C), then the neutral axis depth is changed and Steps 5 through 7 are repeated 
until the two forces converge. 
Step 9: Compute the resisting moment of each wall by taking moment about the corner 
of each wall. The process should be iterated once more to ensure that the MBA (Step 6) 
utilizes an accurate moment in computing the extreme fiber concrete strain. 
For intermediate walls , 
Mwall = C(0.5Lw - Cy)+ 0.5(Fsc,r + Fsc,r+1) Lw 
For end walls , 
Mwall = C(0.5Lw - Cy)+ 0.5Fsc,rLw 
Step 10: compute the total moment capacity of the wall system: 
n 
]\/fcap,wall = L Mcap ,panel 
1 
(2.30) 
(2.31) 
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2.3.4 Modified PRESSS Analysis Procedure 
By evaluating the PRESSS analysis procedure, Thomas & Sritharan found that the analysis 
procedure based on the PRESSS guidelines predicted the base moment-displacement response 
of the jointed wall in the PRESSS building satisfactorily. However, this procedure significantly 
underestimated the prestressing steel elongation in the leading wall by overestimating the neu-
tral axis depth. To address this shortcoming, Thomas & Sritharan proposed modifications to 
the PRESSS analysis procedure, which can accurately predict the prestressing steel elongation 
as well as the lateral load behavior of the wall system. 
The modifications proposed for the analysis procedure are as follows [18]: 
• Use a constant neutral axis depth (determined at 23 base rotation using PRESSS analy-
sis) for analysis at all base rotations from 0 to 33 . 
• The connector forces on either side of the intermediate walls should not be assumed to 
be equal 
• To take the confinement effect into consideration, the concrete strength (J~ ) is multiplied 
by a factor of 1.6 along with a (3 value of 0.85. No reduction for (3 was suggested for high 
strength concrete. 
By incorporating the proposed modifications into the PRESSS analysis procedure, the follow-
ing procedure was presented. 
Step 1: Define wall dimensions and material properties. T his includes: grout strength (!;), 
concrete strength(!;,), concrete density he), modulus of elasticity of post-tensioni11g steel (Ep), 
yield strength of post-tensioning steel U~v), area of post-tensioning steel ( Ap), initial stress 
in post-tensioning steel (Jp0 ), unbonded length of post-tensioning steel (h11), number of panels 
(n), height of each wall (hw), length of wall panel (Lw) , thickness of wall (tw), and connector 
force-d isplacement relationship to determine the force in connector (Fsc) 
Step 2: Determine parameters: 
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• Calculate the increase in stress in the post-tensioning tendon between zero base rotation 
and the selected base rotation assuming the wall rocked about its corner: 
(2.32) 
• Calculate the self-weight of each wall: 
(2.33) 
• Determine the total gravity load on one wall panel: 
W = Wpanel + Lw W11oar (2.34) 
where, wfloor is the distributed vertical load on the wall from all floors. 
• Calculate the compression capacity of one wall panel: 
(2.35) 
where, k1 is the uniform stress in the equivalent rectangular stress block divided by J;. 
Step 3: Determine forces at base rotation B= 0.02, as illustrated in Figure 2.13. 
• Assume force P in the prestressing steel. 
• Calculate the total tension force: 
N=P+W (2.36) 
• Calculate the compressive force: 
C = N ± Fsc (2.37) 
where, Fsc is the force in the UFP connectors determined using a suitable force-displacement 
response as discussed above. A value for Fsc should be assumed for the first iteration 
and the value from the previous iteration based on the wall end uplift may be used as a 
satisfactory initial value for the subsequent iterntions. 
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• Calculate the distance from the compression face to the center of the compression force 
divided by the length of the wall ( Lw): 
c 
O'. = 0.5-
Cc 
(2 .38) 
( o:Lwdefines the distance from the edge of the wall to the resultant compression force.) 
• Calculate the distance from the compression face to neutral axis depth divided by the 
length of the wall ( Lw): 
( TJLw defines the neutral axis depth) 
• Calculate the wall end uplift: 
O'. 
T/ = 2-f31 
flendlift = ()Lw(l - TJ) 
(2 .39) 
(2.40) 
• Determine a new value for Fsc based on the force-displacement curve for the connector. 
• Calculate the elongation of the post-tensioning tendon: 
flp = ()Lw(0.5 - TJ) (2.41) 
• Calculate the increase in stress in the post-tensioning tendon: 
b.f" = E flp 
. P PI 
lu 
(2.42) 
• Calculate the total stress in the post-tensioning tendon: 
fp = fpo + b.f p S fpy (2.43) 
• Recalculate the total post- tensioning force: 
(2 .44) 
Iterate all sub steps presented above until the post-tensioned force P is converged. 
• Calculate the neutral axis depth c: Lw17 
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Step 4: Select a base rotation e between 0 and 0.03 .. Determine forces at base rotation (B), 
as illustrated in Figure 2.12. 
• Calculate the elongation of the post-tensioning tendon: 
!::::.P = B(0.5Lw - c) (2.45) 
• Calculate the increase in stress in the post-tensioning tendon: 
(2.46) 
• Calculate the total stress in the post-tensioning tendon: 
fp = fpo + f::::.fp (2.47) 
• Total post-tensioning force: 
(2.48) 
• Calculate the total tension force: 
N=P+W (2.49) 
• Calculate the compressive force: 
For the leading wall, 
C = N + Fsc (2.50) 
For the trailing wall, 
C = N - Fsc 
where, Fsc is the force iu the UFP connectors determined based on the wall end uplift . 
Wall end uplift is given by 
!::::.endlift = B(Lw - c) (2.51) 
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Step 5: Compute the resisting moment of the wall by taking moment about t he center of each 
wall. 
For intermediate walls, 
Mwall = C(0.5Lw - 0.425c) + 0.5(Fsc,r + Fsc,r+1) Lw 
For end walls, 
Mwall = C(0.5Lw - 0.425c) + 0.5Fsc,rLw 
Step6: Compute t he total moment capacity of wall system: 
n 
Mwall ,system = L Mwall 
l 
(2.52) 
(2.53) 
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2 .3 .5 Perez et al. 
Perez et al. [26] proposed a tri-linear idealization for the lateral load response of an un-
bonded post-tensioned precast concrete wall with vert ical joints and ductile connectors. This 
analysis procedure provides the close form solution to estimate the wall resistance at the three 
limit states defined by Kurama et al. [see section 2.3.l]. The following assumptions are made 
for arriving at this procedure: 
• Wall panels undergo only in-plane flexural, shear, and axial deformations. Torsion and 
out-of-plane deformations are not considered. 
• Seismic forces at each floor and at t he roof level are t ransferred to wall panels by floor 
and the rigid roof diaphragms. 
• All wall panels undergo t he same displacements at the floor and roof levels due to t he 
rigid floor and roof diaphragm assumption. 
• Vertical joint connectors behave in elastic-perfectly plastic manner, wit h sufficient duc-
t ility to be functional during seismic events. 
• Walls are braced adequately from t hem experiencing out-of-plane buckling . 
Base S hear Capacity at Softening State, Veu: 
• It has been shown t hat , unbonded post-tensioned single walls reach the effective linear 
limit st ate when the base moment is between 2 Mdec and 3Mdec, where fl/Idec is t he base 
moment capacity at t he decompression st ate . 
• Assuming Softening State occurs when the moment is 2.5!11dec, and also,assuming a 
linear stress distribution along the compression region of the single wall, t he length of 
the compression region will be 0 .25Lx. 
• Assuming the lengths of compression regions of t he middle panels and the average length 
of compression regions of exterior panels are 0.25Lx 
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• Taking the moments about point 0 in Figure 2.13, base shear capacity at the Softening 
Point is given by, 
V _ Aeu + B eu + L~=~ Cell ,k (2.54) 
ell - (""r ) H w L,i= i TH /TF J 
L x Lx ( ) ( c i ) ( ) Aeu = - Ti(2 - ep) - T2( 2 + ep) -Ni Lx - eNl +Ci Lx - 3 2.55 
Lx Lx Cn) ( ) Beu = - Ti(2 -ep+(n - l )Lx)-T2( 2 +ep+(n - l )Lx)- Nn(nLx-eNn)+Cn(nLx-3 2.56 
L x Lx ~ Ceu =-Ti( 2 -ep+(k - l )Lx)- T2( 2 +ep+ (k - l )Lx)- Nk(kLx-eNk)+Ck(kLx-3 ) (2.57) 
LxVGi LxVCn Lxv'Cfk ( ) 
CJ = 2()Ci + .;c;.) Cn = 2( )Ci + VCn), Ck = 2( ye; + VCn) 2.58 
And the corresponding roof displacement is given by, 6.eu = 6.Fr + 6.sr + 6.Nr + b. pr .where, 
r 1 
!:,. Sr = LG A ' TFi VetlTHiH w 
i= l c w 
(2.59) 
Base Shear Capacity at Yielding State, Vi1 p: 
• It was found from the fiber model analysis, the compression force acts at a distance equal to ~o 
from the edge of t he wall panel. 
• It is assumed t hat the farther most post-tensioning tendon reaches yield. 
• T hus, t he base shear capacity and t he corresponding roof displacement are given by, 
Vi Aup + Bup + I:Z=2 Cup,k 
llp = H w(L:= l r rnrPI) (2.60) 
where, 
Lx L,, L ,. 
Au71 = - T1 (2 -ep) - T2( 2 +ep) -N1 (L'"-eN 1) + C 1(L,- 30 ) (2.61) 
L,. L ,. L". 
Bup = - Ti ( 2-ep+ (n- l)L,.)-T2( 2+ep+(n- l )Lx)-N11 (nL ,.-eNn)+C11 (nL 0. - ;)O ) (2.62) 
L0 . L". L ,. Cup= - Ti ( 2 -ep+ (k - l )L,) - T2( 2 +e11 +(k - l )L,r)- Nk(kLx-eNk) +Ck(kL,- 30 ) (2.63) 
Corresponding roof displacemc11t is give11 by /:,.li p = /:,. e ll + /::,.90 , where 
/\ _ 2H~(fpl - f 71;) 
Ll.go -
2(L, + 2ep) (2.64) 
/:,.ell is the roof displacement at Softening Point. 
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Figure 2.14 Forces acting on each panel of an unbonded post-tensioned precast 
concrete wall [26] 
2 .4 D esign Methods 
2 .4 .1 Galusha 
Galusha presented the procedure that was used for the design of the jointed wall system in the 
PRESSS test building [12]. A summary of this design proced ure is as follows:. 
Step 1: 
• Select the wall system configuration: wall height (H,,,), entire wall system length (B), and number 
of panels ( 11 ). 
• Select a value for o , t he re-centeriug coefficient , within the suggested range of 1.0-1.2 
• Establish material properties: i. e. modulus of elasticity of post-tensioning steel (Er;), yield st ress 
of post-tensioning steel Uv:i1 ) , and concrete compressive strength (f~) . 
• Calculate the width of each wall panel, £.,,, = ~. 
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Step 2: 
• Specify the building data: number of stories (nstory ), height per story (Hstory), building weight 
per floor (W story), and design rotation (Bdesign) in order to carry out t he displacement-based 
design (DBD). Note t hat the PRESSS wall system was designed using DBD. 
• Use DBD to establish the seismic design loads and t hus calculate the design base shear (Vb) and 
design overt urning moment (Mot )· 
Step 3: 
• Select an estimate for the moment arm reduction coefficient (3, wit hin the suggested range of 
0.9-1.0. ( This accounts for the fact that the rocking of wall does not occur at the corner but 
rather some distance in from the corner due to the crushing of the concrete at the corner and t he 
underlying grout.) 
• Calculate the init ial post-tensioning stress : 
• Assume a wall thickness ( t) in order to calculate the panel self weight (W). 
Step 4: 
• Calculate the init ial post-tensioning force in the wall: 
M nW.£3b( 1+<>) 
P ~ ol - 2<> po = -------=-=-~~--
n /3b(l+<>) + nE,, (b/3 )2 8 . 
2a J,, 0 H 1 2 design 
• Determine the area of post-tensioning steel: 
A _ Pro 
p - 1· 
po 
• Calculate the interface shear force ant icipated between the walls in t he vert ical direction : 
Step 5: 
F = n Pi0 1f3 
o:(2n - 2) 
(2.65) 
(2.66) 
(2.G7) 
(2.68) 
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• Calculate the lift-off moment (M10), net righting moment (Mr, net) and the nominal moment 
M _ nPtotbf3 ( _ )bF lo - 2 + n 1 (2.69) 
Note that in lift-off moment, the connector forces are coming into picture, as it was assumed in 
the procedure t hat t he connectors have rigid-plastic behavior. 
nPtotbf3 Mr, net= 2 - (n - I)bF (2. 70) 
(2. 71) 
• Calculate the damping of the system (() and compare it with the estimate used in t he DBD 
method. 
If the inter-panel connectors are frictional devices: 
1 . . _ (3_) 2Bdesign(M10 - Mr,net) 
'-,friction - e 
7r 4 des·ignMn 
(M10 - M r ,n et) 
KMn 
If t he inter-panel connectors are U-shaped flexure plates as used in t he PRESSS building: 
(UPP= 0.625(/riction 
Step 6: 
(2. 72) 
(2. 73) 
• Check the wall thickness for shear and other code requirements. Iteration may be necessary with 
the assumed t hickness in Step 3. 
• Estimate t he {3 value from t he analysis a11d check if {3 is equal to that assumed in Step 3. Iterate 
with {3 value, if necessary. 
2.4.2 Stanton & Nakaki 
Upon completio11 of sesmic tcsti11g of the PRESSS building (see Section 2.2.2), Stanton and Nakaki 
published a set of design guidelines for the design of jointed walls [10], which were based 0 11 t he design 
procedure presented by Galusha. The proposed guidelines used the following assumptions: 
• T he design forces and drift limits are known, which are usually selected to satisfy the code 
req uireme11ts. 
• The total wall length (Lw,10i) , wall height (hw) and wall t hickness (tw) are known, which are 
generally obtained from architectural drawings and preliminary calculations. 
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• The shear connectors are assumed to have as rigid-plastic behavior. 
• The wall panels are assumed to be ident ical and behave in a rigid manner. 
• The post-tensioning steel reaches the yield strain at t he design drift. 
The design guidelines can be summarized as follows: 
Step 1: 
Establish t he following material properties: strength (fpy) and modulus of elasticity of post-tensioning 
steel(Ep), strength of shear connectors, strength of concrete (!~ ), and strength of grout (!~). 
Step 2: 
Using either the Displacement-Based Design (DBD) or the Force-Based Design (FBD) method, deter-
mine the design base shear (Vdes) and design drift (Bdes) · 
Step 3: 
Select the number of panels (n) using the following considerations: t he wall panel aspect ratio ( ~ ), 
the post-tensioning tendon elongation , t he lateral strength, and the damping ratio ( () . 
Step 4: 
Establish t he following coustants: 
• Length of each wall: 
L _ Lw,lo/, 
·w- --
n 
(2.74) 
• lllcrease in prestressing in the post-tensioning tendon between zero drift and design drift, 
(2 .75) 
where, h,, is t he unbouded length of the post-tensioniug tendon. 
• Design moment (Afde8 ) is equal to Vc1es heif, where Vc1cs is t he design base shear and heff is the 
height above the foundation that the lateral load resultaut acts on t he wall. 
• Panel weight (lillwall) is equal to L whwtw/c, where /c is the density of concrete. 
• Total weight l¥ = liVwall + Lww fto01·, where w floor is t he vertically distributed weight of the floors 
on the wall pauel. 
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• Calculate the compression capacity of wall: Cc = Lwtw,ef f (kif;), where k1 is the uniform stress 
in the equivalent rectangular stress block divided by J;. 
• Calculate the force in shear connectors, 
Fsc,nel. = Fsc,Left - Fsc,right (2. 76) 
where Fsc,Left and Fsc,right are the total yield force of all shear connectors in the vertical joints 
on the left and right side of the wall panel, respectively. Note that Fsc,net = 0 is suggested for 
the intermediate walls. 
Step 5: 
Select the tendon reinforcement area (Ap) and initial prestressing stress (fp0 ). 
Step 6: 
Establish the condition which corresponds to the base of the wall starts to lift off (This condition is 
also referred to as the decompression point): 
• initial force in the prestressing tendon: Po = Apfpo 
• total axial force on each wall: N 0 = P0 + TV 
• compressive reaction on each wall: Co = No + Fsc,net 
• distance from the compression face of the wall to the compression force: ( aolw), where <Yo = 0.5 g~ 
• neutral axis depth (ryo lw), r10 = 2~~ , where /31 is the depth of the equivalent stress block divided 
by the neutral axis depth. 
• ratio of the design strength of the shear connectors to the vertical load r;,0 = r;;~ , where Fsc is 
the total yield force of all shear connectors in oue vertical joint. 
Step 7: 
These same conditions cau then be determiHcd at the desigH drift (Brlcs )(see Figure 2.14) using an 
iterative method. Note that the difference between equations in Step 6 and equations in this step is the 
drift endured by t he system and is deHoted by 'O' for zero drift and 'des' for t he design drift. Assume 
a value Pries for the post-tensioning steel force at the design drift. 
(2.77) 
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Cdes = Ndes + F sc,net 
"' - 05~ 
'-'des - · Cc 
'n - 2~ 
·ides - f3 i 
• The post-tensioning elongation (~p) at the design drift is given by 
(2.78) 
• Increase in stress between zero drift and the design drift ( ~fp) is obtained from 
(2. 79) 
• Therefore, the total stress (fp,des) can be determined from 
fp ,des = J pO + ~fp ::::; fy (2.80) 
where, fy is the yield strength of the post-tensioning tendon. This condition is needed to assure 
the recentering of the wall. 
• The force in the post-tensioning tendon at the design drift can then be determined from 
(2.81 ) 
This step (7) should be iterated until Pdes converges. 
Step 8: 
Using the design level conditions compute the moment capacity for an individual wall (lvfcap ,panel) : 
l\llcap,panel = L w(C(0.5 - a) + 0 .5Fsc ) (2.82) 
• Calculate the total moment resistance of the wall system (Mcap,wau). Each wall must be desigued 
using steps one through seven and then the moment capacities of the walls ca11 be summed 
together to develop the total moment capacity which should be greater tha11 flt,,,¢''"'' . Heuce, 
" 
]\,fcap,wo.ll = 2::: l\lfcap,pan el (2.8:3) 
1 
Step 9: Finally, ensure that the system meets the following additional criteria: 
• Check the demand/ capacity ratio for overturning moment on the panel. 
l\lfdes 
PMOM = ::::; LO l\IJ cap, wall 
(2.84) 
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0.5 lw 0.51.,, 
Figure 2.15 Locations of forces in an unbonded post-tensioned jointed wall system 
at design drift [10] 
• Check the stress ratio to ensure that the prestressing tendon does not yield at the maximum drift 
PJpo = fpo < 1.0 fpy - 6.fp - (2.85) 
• Check the ratio of uplift force to the hold down force on each wall to prevent the uplifting of the 
wall system. 
PUPL = n,o ::::; 1.0 (2.86) 
• Check the parameter ratio controlling the residual drift 
( n - 1 + 20'.o.ovr 11,0) 
PZRD = lio ::::; 1.0 
n(0.5 - O'.o,avc) (2.87) 
• Check the force ratio to ensure that the panel slides rather than rocks 
ii 0 Lw n - 1 + 20:0 ave 
PROC = - 1 -((0.5 - O'.o ,ove) + ' ) :=::; 1.0 µ, l e f f n (2.88) 
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2.4.3 D esign Procedure by Perez et al. 
Perez et a l. [21 , 26] proposed a performance-based seismic design procedure which allows a designer 
to specify and predict t he performance of an unbonded post-tensioned precast wall system under a 
selected seismic force. Consequently, this procedure requires t he identification of seismic performance 
levels, building limit states and capacities, seismic input levels, and structure demand prior to con-
d ucting the wall design . Unlike the procedures discussed before, t his procedure does not provide any 
equations to estimate the required post-tensioning steel a rea or the required prestressing force. 
Seismic Performance Levels 
Two seismic performance levels were ident ified to ensure satisfactory behavior of walls under seismic 
loadi11g: 
• Immediate Occupancy: post-earthquake damage state t hat ensures the building had suffered only 
limited structural and non-structural damage. The structure responds to the ground motion in 
an elastic manner with limited cracking and limited yielding of the structural members. 
• Collapse Prevention: post-earthquake damage st ate t hat indicates t he building is on t he verge of 
part ial or total collapse, but has not collapsed. 
Structure limit states and capacities: T hese limit states describe t he damage in various structural 
and non-structural elements of the building. The limit states for unbonded precast wall systems with 
vertical connectors were sugessted to be the same as those proposed by Kurama et al. for unbonded 
single precast walls (see Section 2.3.1 , F igure 2.12). To control t he damage to non-structural members, 
a 2% inter-story limit is adopted according to the NEHRP recommended provision . The structural 
performa11ce levels and structure limit states are presented graphically in F igure 2.16. 
• T he immediate occupancy performance level is assumed to have been reached when yielding of 
the post-tension steel occurs. T hat is, if the displacement response of the earthquake exceeds 
6.up , t hen the structure is likely to require repair before the building can be occupied. 
• The collapse prevent iou level is assumed to have bee11 reached whe11 t he crushing of the confined 
concrete occurs at the wall base. 
Seismic Design Criteria 
T he recommended seismic design of the unbonded post-tensioned precast concrete jointed wall systems 
also has several design criteria that compare t he estimated structural demands· wit h the structural de-
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F igure 2.16 T he structural performance levels and the structure limit states [21, 
26]. 
sign capacit ies. T hese are described below. 
Criterion 1, Softening: 
T his criterion controls t he softening of an unbonded post-tensioned precast wall under lateral load, 
prevent ing premature reduction in t he lateral stiffness of t he wall. T his is achieved by satisfying the 
following equation. 
(2.89) 
where, 
Veu is the base shear capacity at softening limit state (which can be estimated using t he analytical 
procedure by Perez et al.); 
Qdes is t he base shear de111a11CI for t he design level ground motion; 
R is the respousc modification factor; aud 
o:d is t he modificatiou factor (a value of O.G5 is recommended for ad based on dynamic analysis results 
of t he post-tensioned precast walls by K urnrna et al. ). 
Criterion 2, Base moment Capacity 
T his criterion controls t he base moment capacity of t he wall. To satisfy t his criterion, 
A. Vi V Qdes 
'+' f llp 2: des = R (2.90) 
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where <P 1 is the flexural reduction factor as defined by ACI 318. 
Criterion 3, Yielding of the post-tensioning steel 
This criterion controls the yielding of the post-tension steel and requires the following equation to be 
satisfied. 
(2.91) 
where 
/:;,.lip is the roof displacement at the yielding limit state, which can be estimated using the analysis 
procedure by perez et al. [2.3.5], and 
/:;,. des is the expected maximum roof displacement demand under the design level ground mot ion. 
Criterion 4, Gap closure at the base 
This design criterion controls the initial prestress of post-tensioning steel in the walls, to ensure that the 
gaps open at the wall bases close when t he applied lateral loads are removed. The following equation 
was proposed to satisfy this criterion. 
(2.92) 
where, <1?9c is the initia l prestress reduction factor. 
Criterion 5, Inter-story drift 
This design criteriou controls the maximum story drift under design level ground motion to control the 
lateral stiffoess of the walls. 
/:;,.all ~ /:;,. des 
where, /:;,.all is the ma..-ximum allowable story drift. 
Criterion 6, Crushing of confined concrete 
(2.93) 
This design criterion controls the axial-flexural compression failure of the walls. The following equation 
may be used to satisfy this criteriou. 
where. /:::,. ccc is the displa.cemeut capacity at the roof level that corresponds to the crushing of the con-
fined concrete, 
/:;,.ma~· is t he displacement demand at roof level which is obtained for the maximum considered ground 
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motion, and 
~ccc can be obtained by performing nonlinear static push-over analysis of a fiber-based model of the 
wall system using the DRAIN-2DX program. 
Criterion 7, Fracture of the post-tensioning steel 
This criterion ensures t hat t he fracture of the post-tensioning steel does not occur. Hence, 
~fp 2: ~CCC (2.94) 
where ~ fp is the roof displacement corresponding to t he fracture of the post-tensioning steel. Other 
criteria 
It is required to prevent shear slip along the wall-to-foundation connections under t he action of earth-
quake lateral loads by ensuring 
where, <Ps is t he shear capacity reduction factor as defined by the ACI 318 code [11], and 
V,nax is t he expected maximum base shear demand under the survival-level ground motion. 
(2.95) 
T his procedure is an conceptual design procedure and does not provide with any means to evalu-
ate the various design parameters of jointed wall system to resist lateral loads. So, this procedure is 
not furt her considered in t his report. 
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CHAPTER 3. ANALYSIS AND VALIDATION OF BEHAVIOR OF 
UNBONDED PRECAST WALL SYSTEMS 
3.1 Introduction 
The primary purpose of this study is to furthur modify the PRESSS analysis procedure (presented in 
section 2.3.2) so that the behavior of the unbonded precast wall systems can be predicted accurately. A 
successful effort to modify the PRESSS analysis procedure was made by Thomas & Sritharan (2003) by 
incorporating a constant neutral axis depth regardless of t he base rotation and using an effective concrete 
confinement factor of 1.6 for defining the concrete strength [18]. This analysis procedure was validated 
against the jointed wall test data, from the PRESSS test building. Although the analysis procedure 
predicted the behavior of the jointed wall accurately, this procedure does not allow the variation of 
confined concrete strength to be modeled as a function of t he amounts of confinement reinforcement. 
The proposed analysis in section 3.2 makes an attempt to address this problem. Furthermore, a trilinear 
approximation is used to account for the variation in neutral axis depth as a function of t he wall base 
rotation. This concept was shown to be adequate for jointed hybrid frame system by Celik & Sritharan 
(2004) [27]. With these modifications, an analysis procedure for quantifying the behavior of single and 
jointed wall systems is presented i11 Section 3.2. Hereafter this procedure will be referred to as the 
simplified analysis procedure. In Section 3.3 , validation of t his analysis procedure is presented using 
test data from the joi11ted precast wall used in t he PRESSS building and several single unbonded wall 
tests conducted at the ATLSS Research Center. An alternative analysis method based on "monolithic 
beam a11alogy (MBA)" (section 2.3.3) , which uses a global displacement condition to overcome the 
strain incompatibility at a section level , is also examined using t he same test data. Results from these 
two analysis procedures are combined to improve the design guidelines proposed for jointed wall systems 
in Chapter 4. 
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3 .2 Simplified Analysis Procedure 
To analyze a jointed wall system or a single wall with unbonded post-tensioning steel, an iterative 
procedure is suggested to find the neutral axis depth, for a given base rotation (23) . The force equi-
librium and geometric compatibility conditions are used in the iteration process, which also leads to an 
estimate of the post-tension steel elongation. According to the design guidelines presented by Stanton 
& Nakaki, the following assumptions are made in the analysis procedure [10]. 
l. The walls are provided with adequate out-of-plane bracing, preventing them from experiencing 
torsional and out-of-plane deformations. 
2. The dimensions and material properties of the walls and connectors are known. 
3. The fiber grout pad located at the interface between the wall and the foundation does not expe-
rience any strength degradation. 
4. All walls will undergo the same lateral deformation at every floor level due to the rigid floor 
assumption. 
5. The wall base has enough friction resistance, such that the wall will not undergo any lateral 
movement at the base. 
6. The connectors and the post-tension steel anchors remain fully effective for the entire analysis. 
7. All vertical joints in a jointed wall system have the same number of connectors. 
The analysis procedure i8 described in following steps. 
Step 1: Define wall system dimensions, reinforcement details, and mater·ial properties. 
The following variables a re defined in this step. 
Wall System Dimensions: 
hw = height of the wall system, 
t 111 = t hick11e8s of the wall system, 
tc,. = confinement area thickness, 
l wa.ll = length of the wall system, 
n = number of walls i11 t he jointed 8ystem, and 
lw ( = 1 ";~" ) = length of each wall. 
Prestressing/ Post-tensioning Steel Details: 
Apt = area of a post-tensioning tendon, 
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n pt = number of post-tensioning tendons , 
hu = unbonded length of the post-tensioning tendon, 
X pt ,i = location of the post-tension tendon from the rocking edge of the wall , 
Ev = modulus of elasticity of the post-tensioning tendon, 
f vo = initial stress in the post-tensioning tendon, 
f vy = yield strength of the post-tensioning tendon, and 
A p, t ot a l ( = nptApt ) = total post-tensioning steel a rea in each walL 
Confinem ent Details: 
A s = area of confinement steel, 
s = spacing of the confinement steel, 
l cr = length of confinement area, and 
f y = mild steel yield strength. 
Concrete Properties: 
f~ = concrete compressive strength , 
f 9 = compressive strength of interface grout , 
f~c = confined concrete strength, 
Ecc = concrete strain at fee, 
Em = concrete crushing strain , and 
Pc = concrete density. 
Connector Details: 
neon = number of connectors per joint , and 
F sc = force in the connector corresponding to a displacement (use an experimentally est ablished force-
displacement response of the connector to determine F s c as recommended by Thomas & Sritharan ). 
Step 2: Decompression point 
In this st ep , the decompression point is found , which defines the begi11uing of a gap opening at the wall 
base , which corresponds to the condition when the stress in the extreme concrete fiber far t hest from 
the rocki11g edge reaches zero . Assuming a linear strain distribution at t he critical section , due to the 
moment induced by the decompression force F dccomp, the following equations a re used to determine the 
correspondi11g moment resista11ce. The decompression moment (l'vfdecomp) is calculated from the elast ic 
flexural formula u = A Jc, substituting appropriate values for the neutral axis depth (c) and t he moment 
of inertia ( I ) : 
u ;l 
Mdecomp = -
c 
(3.1) 
ai = 
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"np1. f A L..l pi pt 
twlw 
3 
J = iwlw 
12 
lw 
c= -
2 
Step 3: Neutral a:cis depth at 2% base rotation 
(3.2) 
(3.3) 
(3.4) 
The neutral axis depth that satisfies the vertical direction force equilibrium at the wall base is found 
for each wall through iteration with an assumed neutral axis depth as the initial value. The following 
sub-steps are used in this process. 
1. Assume a neutral axis depth ( c) for the wall. 
2. Determine the total gravity load on each wall (N): 
where, w floor is the uniform dead load acting on the wall 
3. Determine the stresses and strains in the post-tensioning tendon: 
• The elongation of the post-tensioning tendon: 
6.p ,i = 0.02(xpl - c) (3.5) 
• The strain in each post-tensioning tendon: 
(3.6) 
• Calculate the stress in each post-tensioning tendon (fp), from the stress-strain curve of 
the post-tension steel. The above steps should be repeated to determine the stress in all 
post-tension tendons. 
• The total post-tensioning force: 
np1 
P= LAptfp 
1 
4. Determine the forces i11 the vertical connector 
• Calculate the wall end uplift from following equation: 
l::i endlift = 0.02(lw - c) 
It is assumed that the connector deformation is equal to l::i endlifl. 
(3.7) 
(3.8) 
52 
• Determine the corresponding force in the vertical connector ( Fsc ) from the force-displacement 
response of the connector. 
5. Determine the new neutral axis depth 
Assuming a uniform compressive stress acting at the wall base over a length of (Jc, where c is the 
neutral axis depth, the resultant compressive force 
(3.9) 
where, (3 is a constant and varies from 0.8-0.9 depending on the concrete strength and the amount 
of confinement steel reinforcement provided. For this procedure an average value of 0.85 is 
assumed for (3. 
• Calculate the resultant compressive force from equilibrium of forces 
C = P + N + nconFsc, for the leading wall 
= P + N + nconFsc - nconF~c for the intermediate wall, and 
= P + N - nconF~c for the trailing wall. 
F~c is the force in the connector corresponding to the previous wall iteration at 2% basr 
rotation. 
• Calculate the neutral axis depth: 
c 
c=---(3.f~ctcr (3.10) 
Iterate the above five sub-steps until c converges. 
Step 4: Select a base rotation (B). (0::; e ::; B·ullimat e )· 
Choose any e value in the range of o and Buttimat.e· 
Step 5: Dctennine the forces acting on the wall at base rotation e [Figure B.2] 
1. Determine the neutral axis depth c0 corresponding to base rotation e: 
Based ou the experimental results, it was found that the neutral axis depth does not significantly 
vary for interface rotations above 0.5%, as illustrated iu Figure 3.1. Consistent with this obser-
vatiou , the neutral axis depth i11 this analysis procedure is calculated at 2% base rotation (Step 
3), which is then utilized for all rotations above 0.5%. To model the nuetral axis depth more 
accurately at small e, a trilinear variation of neutral axis depth is assumed as a function of base 
rotation as demonstrated in Figure 3.1. In this Figure, point 1 corresponds to the wall length 
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at 0% base rotation, where as points 2 and 3 are defined at base rotations of 0.1 % and 0.53, 
respectively. The neutral axis depth ( c) at point 3 is found from Step 3 is equal to neutral axis 
depth at 2% rotation, and at point 2 is approximated to 2c. 
(O~ 
' 
' 
' 
' 
' 
' 
' *(O.OOl)c) 
' 
' 
----- Expcrimcmal Neutml llXis Vllrialion 
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Figure 3.1 A trilinear idealization for the neutral axis depth as a function of base 
rotation for analysis of walls with unbonded tendons. 
2. Determine stresses and strains in the post-tensioning steel: 
• The elongation of the post-tensioning tendon: 
t:,.p ,i = 0.02(Xpt - c) 
• The total strain in the post-tensioning tendon: 
(3.11) 
(3.12) 
• Calculate the stress in each post-tensioning tendon (fp) , from the stress-strain curve of the 
post-tensioning steel. 
The above steps should be repeated to determine the stress in all post-tensioning tendons. 
• The total post-tensioning force: 
(3.13) 
Post-tensioning 
steel forces 
Dead Load 
I l 
Conn ctor 
force 
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Figure 3.2 Various forces acting on the jointed wall system at base rotation B. 
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• Calculate the location of the resultant post-tensioning force from the rocking edge: 
(3.14) 
3. Determine the forces in the vertical connector 
• Calculate the wall end uplift using following equation: 
D. endlift = 0.02(lw - co) (3.15) 
It is assumed that the connector deformation is equal to D.endlift. 
• Determine the corresponding force in the vertical connector ( Fsc ) from the force-displacement 
response of the connector. 
4. Calculate the resultant compressive force from equilibrium of forces 
C = P + N + n conFsc , for the leading wall, 
C = P + N + 'nconFsc - 'neonF;c for the intermediate wall , and 
C = P + N - neonF~e for the trailing wall. 
F~c is the force in the connector corresponding to the previous wall calculation at base rotation 
e. 
5. Calculate the location of the resultant compressive force at the maximum drift: 
The resultant concrete compressive force acts at a distance of O:t everCtJ from the rocking edge of 
the wall. The lever arm factor at the maximum drift O:tever,max depends on the concrete strain 
(cc ) at the drift. 
Ee O:t ever,ma:r = 0.418 + 0.064 In -
Ece 
Ee= 
l .0.')c8ultimate 
0.06hw 
where c is the neutral axis depth at 23 base rotation. 
Step 6: Compute the resisting moment of the wall 
Taking the mome11t about the center of the wall , 
M wall = 0.5l ,,, Fse + P(Xpt - 0.5lw) + C(0.5lw - a1everco) for the leading wall , 
= 0.5lw(Fsc + F;c) + P(Xpt - 0.5lw) + C(0.5lw - O:t everCtJ) for the intermediate walls, and 
= 0.5lwF;c + P(Xp1, - 0.5lw) + C(0.5lw - O'.leverCtJ) for the trailing wall. 
(3.16) 
It is assumed that the value of O:tever varies linearly from 0.33 to a1ever,max as the base rotation varies 
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from zero to Bmax · 
Steps 2 through 6 should be repeated for each wall before going to step 7. 
Step 7: Compute the resisting moment of the entire wall system 
The moment capacity of the wall system is obtained by summing all t he individual wall capacit ies. 
T hus, 
n 
111wallsystem = L Mwall 
1 
(3. 17) 
Though this procedure is developed for t he jointed wall systems, it can also be used to predict the 
lateral load behavior of unbonded post-tensioned precast single walls. For the single wall analysis, t he 
connector forces will be set equal to zero . This procedure can also be used to analyze jointed walls with 
different wall lengths. In t his case, appropriate wall lengths should be used to estimate t he neutral axis 
depth, connector forces, and wall base moments. 
3.3 Validation of Analysis Procedures 
This section compares t he results obtained using t he analytical method described in the previous 
section and those obtained using t he MBA method (see Section 2.3.3) with experimental data from wall 
direction response of t he PRES SS test building and test data reported by Perez et al. (2004) from t heir 
tests on single unbonded precast walls. For comparison purposes, t he base moment vs . the top floor 
lateral displacement response envelopes, post-tensioning steel elongations, and the neutral axis depths 
at t he wall base are used. 
3.3.1 PRESSS Jointed Wall 
Following the PRESSS building testing, Thomas & Sritliara11 have conducted a t horough investiga-
t ion to quantify t he act ual cont ribut ion of t he jointed wall [18]. During t his investigation, t hey found 
that t he wall direction respouse of t he PRESSS building was significant ly influenced by framing act ion 
resul t ing from the seismic columns and precast floors iu t he bottom three stories. By isolating t he 
framing actiou cont ribut ion , t hey arrived at t he experimental base moment vs. displacement response 
envelope for the wall system using data points at selected measured lateral displacements . Six dis-
placement t ransducers measured t he vertical displacements of t he leading and trailing walls at t he base 
with respect to t he wall fo uudation during testing. Using t he data from t hese devices, t he neutral axis 
depths ( c) aud the post-te11sioni11g tendous elongations ( ~P) were also est ablished for the leading and 
trailing walls at t he selected lateral displacements. Also estimated from the displacement devices was 
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the wall end uplift (l:i.enduplift) for the leading wall, which was assumed to be the same as the relative 
vertical displacement between the walls for the analysis procedure presented in previous section. By 
assuming a linear profile for the gap opening at the base, Thomas & Sritharan had presented change in 
post-tensioning force, post-tensioning elongation, the UFP connector displacement, and the neutral axis 
depth as a function of the top floor displacement for the PRESSS wall system. This information, along 
with the dimensions and properties reported by these researchers is used to verify the applicability of 
the simplified analysis method for the jointed wall. 
3.3.1.1 Base Moment Resistance 
Figure 3.3 compares the base moment vs the top lateral displacement established for the jointed wall 
with those calculated from the simplified analysis procedure and MBA. The figure also shows the base 
moment response predicted by the PRESSS analysis procedure with and with out the modifications 
suggested by Thomas & Sritharan. It is seen that the simplified analysis procedure and the MBA 
provide a good estimate for for the base moment vs lateral displacement response envelope. At the top 
floor displacement of 11.5 inch, the simplified analysis method is only 2.33 below and MBA is 5. 73 
below the experimental value. At the design drift of 23, the simplified analysis procedure and MBA 
underestimated the moment resistance of the jointed wall by 2.23 and 53 respectively. 
3.3.1.2 Neutral Axis Depth 
The neutral axis depths calculated using the analytical methods for the PRESSS jointed wall system 
are compared with experimental data in Figures 3.4 and 3.5. It is seen from these figures that the 
simplified analysis procedure provides a good estimate for neutral axis depth for both leading and 
trailiug walls.The difference betweeu the analytical aud extracted neutral axis depths exists, essentially 
cause the discrepancies observed between the calculated and experimental elongations of the post-
tcnsioniug tendons iu Figures 3.6 and 3. 7. More accurate esti111atio11 of the neutral axis depths will 
more accurately estilllate the elongations in the post-tensioning teudons. 
3.3.1.3 Elongation of Post-tensioning Steel 
Figures 3.6 and 3. 7 compare the calculated post-tensioning steel elongation with the experimental 
data for both the leading and trailing walls. The elongation at the maximum top floor displacement of 
11.5-in (or 2.563 drift) in the leading wall is underestimated by 6.423 using the simplified procedure 
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Figure 3.5 Neutral axis depth for the trailing wall of the PRESSS jointed wall 
system. 
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and by 9.9% using MBA method. Likewise, in the trailing wall the elongation is underestimated by 6% 
by the simplified procedure and 8.3% by MBA method. 
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Figure 3.6 Post-tensioning steel elongation in t he leading wall of the PRESSS 
jointed wall system. 
3.3.2 Post-Tensioned Unbonded Single Walls (P erez et al. ) 
The test specimens of interest in this study are TWl , T\i\T3 , and TW5, which are described in det ail 
i11 section 2.2.2 [21]. Recall t hat , TWl was tested under monotonic loading while the other two walls 
were subjected to the full reversed cyclic lateral displacements. The load sequence of TW3 consisted 
of three cycles each at 0.05%, 0.1%, 0.25%, 1%, 1.5%, 2%, and 3%. The TW5 wall test consisted of 
the same load cycles as that for TW3, except that a few more cycles at 3.5%, 4%, 5%, 6% were added . 
The cycl ic lateral displacement was applied using a hydraulic actuator connected to t he top of the wall. 
A constant axial load was applied in the vert ical direction through the center of t he walls in all cases, 
subjecting the wall to a uniform compressive stress to simulate the gravity effects. 
The lateral displacement of t he loading block (which corresponded to the actual wall displacement ), 
was measured usi11g four displacement devices: string pots (LB SP-N , LB SP-8) and two LVDTs (LB 
LVDT-N, LB LVDT-S ) were attached to the loading block on the north side and south side of the test 
wall , respectively. T he rotation at the wall base was measured using a rotation meter (RMB), which 
L50 
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Figure 3.7 Post-tensioning steel elongation in the trailing wall of the PRESSS 
jointed wall system. 
was positioned 9 inches above the base of the wall. A series of displacement instruments mounted 5 
inches above the wall base measured the opening of the gap at wall-to- foundation interface. 
Confined concrete strain gages were attached to No.4 bars running vertically within the confined 
portio11s of the bottom wall panel. Assuming strain compatibility between concrete and steel, the 
measured strain was considered to represent the confined concrete strains. Strain gauges were also 
attached to the post-tensioni11g steel to monitor the initial prestress as well as the variation resulting 
from the applied lateral load. The instrumentation for TW3 and T\V5 was the same as described above. 
The following ::;ection presents the comparisons between the experimental results and the analytical 
results obtained from the simplified analysis procedure and MBA. Inc:luded in this chapter are compar-
ison::; of the global response of the walls, such as the base shear vs. lateral drift response envelope and 
neutral axis depth variations with lateral drift. In addition, comparisons between the experimental and 
analytical estimates of strains in the post-tensioning bars are made to evaluate the analysis procedure::;. 
In all the cases, the wall analysis was performed usiug the properties summarized in Table 2.1. 
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3.3.2.1 Base Shear Response 
The lateral load responses of walls TWl, TW3, and TW5 are presented by plotting the base shear 
vs. the lateral drift in Figures 3.8, 3.9, and 3.10, respectively. From these figures, it is clear that the 
simplified analysis procedure and MBA captured the wall response envelopes satisfactorily. In all cases, 
the initial stiffness and the ultimate shear capacity of the walls were calculated accurately. Table 3.1 
summarizes the predicted and experimental base shear capacities of the walls by various procedures at 
the maximum drift. It is seen that the analysis methods overestimate the base shear capacities of walls 
TW3 and TW5 by 5.53 and 3.273 respectively. This discrepancy is caused by the slight overestimation 
of the stress in the post-tensioning steel [e.g. see Figure 3.16]. 
TWl TW3 TW5 
Experimental 161 kip 154.33 kip 101.98 kip 
Simplified analysis 161.65 kip 162.93 kip 105.32 kip 
MBA method 159.2 kip 157.4 kip 104 kip 
Table 3.1 Comparison of base shear capacities calculated for single precast walls 
with unbonded post-tensioning. 
3.3.2.2 Neutral Axis Depth 
The neutral axis depths calculated by the simplified analysis method and MBA are compared 
with the experimental data in Figures 3.11, 3.12, and 3.13 for the three walls. The MBA analysis 
underestimated the neutral axis depth at low drift ratios, which can be seen in Figure 3.11. Although 
only a few experimental data points were available for TW3 and TW 4, these figures show that the 
analysis methods accurately estimates the neutral axis depths, especially at larger lateral drifts. Table 
3.2 summarizes the experimental and predicted neutral axis depths at 23 drift. In all the cases, the 
maximum difference between the aualysis and experimental results is about 153 . Also, note that only 
few data points were reported by perez et al.for T\V3, TW5. 
3.3.2.3 Post-tensioning Steel Response 
Figures 3.14, 3.15 and 3.16 compare the calculated post-tensioning steel stress variation with the 
experimental data. Overall, both analysis methods estimate the variation in stres.s of the post-tensioning 
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TWl TW3 TW5 
Experimental 20.37 in 18.95 in 14.02 in 
Simplified analysis 22.63 in 21.91 in 13.04 in 
MBA method 21.35 in 19.58 in 12.96 in 
Table 3.2 The neutral axis depth of the single precast walls tested at ATLSS 
center. 
steel satisfactorily, including the yielding of the tendons that occurred near 1.53 lateral drift. The most 
significant discrepnncy is seen for the PT2 in TW5, which is believed to be either faulty strain gauge 
reading or the anchorage slip. 
3.3.2.4 Concrete strain 
One advantage of the MBA analysis is that it estimates the concrete strain at the base of the wall. 
Figure 3.17 shows the comparison between the calculated concrete strain by MBA with the experimental 
strain gauge data for TWl. For comparison, a strain gauge (CEl) located at 4.5 inch from west end 
and 5 inch from the wall base is considered . Strain in the concrete is calculated at this location from 
the concrete strain at the base obtained from MBA. The concrete strain is underestimated by 8. 73 and 
8.33 using MBA analysis at 23 and 33 drift, respectively. 
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CHAPTER 4. DESIGN PROCEDURE FOR UNBONDED 
POST-TENSIONED JOINTED PRECAST WALL SYSTEMS 
4.1 Introduction 
This chapter presents a seismic design procedure for unbonded post-tensioned jointed wall systems 
t hat have multiple walls with the same wall length. In general, t he procedure follows that proposed by 
Stanton f3 Nakaki [10] and suggested changes by Thomas & Sritharan (2003) [18]. A unique contribution 
of this t hesis is that it addresses how to estimate the design moments for the crit ical walls ( i.e the leading 
wall in a two-wall jointed wall system and for an intermediate wall in a multi-wall jointed wall system). 
It is also shown through two desigu examples that t he design can be simplified by designing the critical 
wall and applying the same details for all other walls in the jointed system. 
4.2 Jointed Wall System Design 
In a jointed wall system, multiple unbonded single precast walls are connected to each other with 
the help of special connectors along the vertical joints, as shown in Figure 4.1. Unbonded post-tensioned 
steel is distributed symmetrically about the center of each wall. The basic concept of t he wall system 
is that it allows the wall to rock individually at the base when the wall system is subjected to lateral 
loads and return to its original vertical position after the event has concluded. 
The post-tensioned steel is typically designed to remain elastic uuder the design-level earthquake 
loading. As a result, t he post-tensioning steel provides t he restoring force for the jointed wall even 
when t he vertical connectors experience inelastic: action due to the earthquake load. T his restoring 
force helps to minimize the residual displacements of the wall when the lateral load is removed. The 
restoring capacity of the jointed wall depends on the amount of post-tensioning steel, the number of 
vertical connectors, initial prestressing force, and the cyclic behavior of the vertical connector. The 
I 
I 
I 
Trailing wall 
W////~ 
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r PT bar anchorage 
I 
Intermediate wall 
-----,----- - -tt....,rtical connecror 
I 
I 
Leading wall 
~----+•precast~'all 
Figure 4.1 Details of a precast concrete jointed wall system 
shear transfer from the wall to the foundation at the base utilizes a friction mechanism. 
Using the simplified analysis procedure presented in Section 3.2, a parametric study of two-wall, 
three-wall and four-wall systems is conducted to understand the effects of various design parameters on 
the behavior of the jointed wall systems (see Appendix B). From this study, t he following conclusions 
are drawn: 
1. In a two-wall jointed system, the leading wall provides about rd of the total lateral force re-
sistanre. However, i11 a jointed wall system having more tha11 two walls, t he intermediate wall 
provides the larger moment resistance than the leading or the t railing wall. T he percentage 
contribution of t he intermediate wall will obviously depend 011 the number of walls in t he system. 
2. As suggested by Thomas & Sritharan (2003), the post-tensioning steel in the trailing wall would 
first reach the yield limit state in a jointed wall system, which should dictate the init ial design 
stress in the post-tensioning steel. However, the area of prestressing steel should be determined 
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by the wall providing the largest moment resistance. 
These findings are included when est ablishing the design guidelines presented below, which follows the 
assumptions and outline proposed by Stanton & Nakaki [10]. 
Design Assumptions 
The following assumptions are made for the design of jointed wall systems. 
• The wall will undergo in-plane deformations only. Torsion and out of plane deformations are 
prevented by providing adequate out-of-plane bracing. 
• All individual walls are assumed to have identical dimensions, reinforcement details, and the 
initial prestressing force. 
• All the vertical joints contain the equal number of identical connectors, and a dependable force 
vs. displacement response envelope is available for the connector. 
• All walls undergo the same lateral displacement at the floor and roof levels due to the rigid floor 
assumption. 
• The post-tensioned steel is located at t he center of each wall. 
• The post-tensioning steel reaches the yield strain at the design drift (()des) , which is typically 
taken as 23. 
Design Steps 
The design of t he joiuted wall can be performed using t he following steps. 
Step 1: 
• Establish the material properties: 
Prestressing steel: Modulus of elasticity (Er) and yield strength Urv)· 
Concrete: Unconfined co11crete stre11gth (.f~) and coefficient of friction against concrete(µ). 
Connector: Load vs. displacement response. 
• Establish the wall dimensions: total length of t he wall system (L 1110u), wall height (H 10 ), 
wall thick11ess (t,,,), and the number of the walls (n ). The height and length of each wall can be 
determined from the architectural drawings or from the preliminary calculat io11s. 
While deciding at the number of walls , the ~'" ratio should be taken i11to consicleratio11 . Stanton 
72 
& Nakaki suggest that t~:, should be more than 2.0 to ensure flexural dominant behavior for the 
wall. Hence, the length of each wall is 
L _ L wall 
w -
n 
• Thickness of wall: The following guidance may be used to establish an init ial value for the wall 
thickness. 
1. The thickness of the wall can be assumed to be in the range of h s~6'" to h ,~;·v [24] . 
2. The wall thickness should be sufficient to limit the shear stress in the wall to what is specified 
in design codes. 
3. The wall thickness should be such that the wall is constructible with the required confinement 
reinforcement. 
Step 2: 
Based on a force-based design procedure (FBD) or displacement-based design (DBD), arrive at the 
required moment resistance for the wall system (Mdesign)· Hence, the precast wall system should be 
designed such that 
cf;l'vfn ,wall 2:'. ]\![design 
where , ¢ is the flexural reduct ion factor and J\!l,,, ,wall is the nominal moment capacity of t he wall system. 
Step 3: 
• Assuming a vertical relative displacement between walls to be 0.9LwBdes, determine the force in 
the connector (Fcon) at the design drift from the connector force-displacement curve. 
• For systems with the same properties in each direction, the equivalent viscous damping is given 
by the following equation [28]. 
2 Atoop (eq = ---
Jr A,·ect 
where, A100µ= area enclosed by the hysteresis loop, and Arcct = area of the rectangle circumscribing 
the hysteresis loop. 
• If the UFP connectors are used , then based on the required damping/ energy dissipation , establish 
the number of con11ectors in each vertical joi11t (Neon) [12]. 
( 4.1) 
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where, ( eq is the equivalent damping. 
Step4: D esign Area of the post-tensioning steel 
• Design AP for the wall resisting the maximum moment: 
M SlMdesign 
design ,w = ,i. 
n'+' 
(4.2) 
( 4.3) 
where, n is the number of walls, 
S1 is the moment contribution factor, and 
a is a constant. 
when n= 2, Mdesign,wall= Mdesign,lead and a = 0.9 
when n ~ 3, Mrlesign,wau= Md esign,inter and a= 1.03 
The a values were arrived from the study on various wall systems behavior as stated before. 
• For a two-wall system (i.e when n=2), determine the required area of steel Ap using the moment 
equilibrium of forces acting on the leading wall, as given by Equation 4.4. 
Mdesign,leod = (dead load + PT force)(leverarm) + UFP force (lever arm) 
M . = (P 0 95A F )( Lw - PD + 0.95ApFpy + NconFcon) 
d es ign ,lead D + · P PY 2 3.2J~tw + 
N F (L - Po + 0 .95ApFpy + NconFcon) 
con con w 3 _ 2J~tw 
where, PD is equal to self weight + super imposed live load = /c L iviw Hw + w JloorLw. 
AP is the required area of prestress steel. 
/c is co11crete u11it weight . 
Wftuur is superimposed live load. 
(4.4) 
Equatio11 4.4 will lead to a quadratic: equation in Ap and use the small positive root as the design 
solution. 
• For a multi-wall system, determine the required area of steel Ap usiug the moment equilibrium 
of the forces acting on the intermediate wall, as given by Equation 4.5. 
( 4.5) 
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Equation 4.5 will lead to a quadratic equation in Av and use the small positive root as the design 
solution. 
Step 5: D esign initial stress in the post-tensioning steel 
• Estimate the neutral axis depth in the trailing wall using equation 4.6: 
Po + ApFpy - NcanFcon 
Ctrail = (1.6 * 0.85J~tw) 
• The maximum permissible initial stress for post-tensioning steel is thus: 
(0.5Lw - Ctrait) * Bdes * Ep 
Fpi = Fr11 - ------------Hw 
Step 6: Estimate the moment capacity 
( 4.6) 
(4.7) 
Use the area of post-tensioning steel, initial prestress, and the connector details designed above for all 
walls appropriately. Using the simplified analysis procedure, show that the moment capacity of the wall 
system with the designed prestress and connector details is greater than the design moment. 
Step 7: Confinement design 
Estimate, the required strain demand m the concrete from equation 4.8. From the MBA analysis 
procedure, 
Mmax Bmax ) 
Econc = c(-E I + 
c eff 0.06Hw 
(4.8) 
where, lVImaJ· is the base moment resistance of the leading wall at maximum drift in consideration 
(Bmax ), 
Ee is the modulus of elasticity of concrete, which may be taken as 57000Jf~(psi), 
I c f J is the effective moment of inertia of the wall and is equal to 1 "~;;, , and 
c is the neutral axis depth of leading wall at Bmao;, which can be obtained from the simplified analysis. 
Determine the confinement steel required (Ps ) based on the confined concrete model proposed by Mander 
ct.al (1988)(as shown below) [17], and check with the minimum confinement requirements of ACI code. 
( Econr - 0.004)(f~J 
p, = 
· l.4fyhEsu 
where , Ps is the volumetric ratio of the required confinement steel, 
f uh is the yield strength of the transverse reinforcement, 
E," is the ultimate strai11 capacity of the transverse reinforcement, 
f~c= l.6f~, and 
P _ p I+ P11 s - 2 . 
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4.3 Design Examples 
Presented below are two set of design examples, which show that the design method presented in 
Section 4.2 will be satisfactory for designing jointed precast wall systems. 
4.3.1 Example 1 
Design a two-wall, three-wall, and four-wall jointed system to resist a base moment of 75780 kip-in . 
For this example, assume the wall length and total number of UFP connectors to be the same as those 
used in t he PRESSS test building. In addition, use the same material propert ies established for the 
PRESSS wall, except for t he concrete strength, which is taken as 6 ksi. 
Design solution: 
Step 1: 
Material Properties: 
Concrete strength (!~) = 6 ksi. 
Concrete density ( /c ) = 150 pcf. 
Yield strength of post-tensioning bar (fpy) = 140 ksi. 
Young's Modulus for post-tensioning bar (Er) = 27700 ksi. 
The force-displacement response of the UFP connector shown in Figure 2.5 is used. 
Wall dimensions: 
Length of a single wall (Lw) = 108 in. 
Thickness of the wall (tw) = 8 in. 
Height of the wall (Hw) =450 in. 
Step 2: 
Given t hat, the design mome11t (Nfdesign) = 75780 kip-in. 
Step 3: 
Assume the desig11 drift (Bdcs ) = 0.02. 
Force t ransmitted through each con11ector at Bdes, Fcan = 11.65 kip. 
In order to have the same damping as the PRESSS building, the total number of connectors for each 
wall system is taken as that used in the PRESSS building. 
Hence, t he total 11umber of connectors in the wall system = 20. Table 4.1 shows the number of connectors 
per vert ical joi11t. 
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Wall system Neon, No.of connectors 
1 Two-wall 20 
2 Three-wall 10 
3 Four-wall 7 
Table 4.1 Number of connectors in each vertical joint between walls 
Step 4: Find Mdesign,wall and Ap 
From Equation 4.2, 
M ,.Mdesign design,wall = H ,/-. 
n'P 
In the above equation, ¢ = 0.9 should be used as per the current design practice. However , ¢ = 1 is 
used in this example to demonstrate the accuracy of the design procedure. Table 4.2 demonstrates the 
estimation of Mdesign,wall for the various wall systems. 
Now solving Equation 4.4 and Equation 4.5 of the design procedure, A P values shown in Table 4.3 are 
P arameters Two-wall system Three wall system Four wall system 
n 2 3 4 
¢ 1 1 1 
a 0.9 1.03 1.03 
L w 108 108 108 
Fcon 11.65 kip 11.65 kip 11.65 kip 
NI design 75780 kip-in 75780 kip-in 75780 kip-in 
n 1.3 1.17 1.12 
Mrtcsign,in f.er 29579.38 kip-in. 21212.675 kip-ill 
l\1de sign, lead 49212.65 kip-in. 
Table 4.2 Estimation of Nlrlesign,wall for various wall systems. 
obtained. The smallest value is taken as the required steel area. 
Step 5: Design of initial stress in post-tension steel, Fpi 
From Equation 4.6 and Equation 4.7 of the design procedure, design the init ial post-tensioning steel 
stress. The details are shown below in Table 4.4. 
Step 6 : 
By using t he simplified analysis procedure for the wall systems with the designed values of Av and Fµ;, 
the actual moment capacities of the wall systems are obtained. The results are shown in the Table 4.5. 
The calculated capacities of individual walls and the wall systems in all cases at the design drift of 2% 
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roots of quadratic design solution 
Two-wall system Ap1: 3.598 sq.in. Ap: 3.598 sq.in. 
Ap2: 54.75 sq.in. 
Three-wall system Ap1: 2.21 sq.in. Ap: 2.21 sq.in. 
Ap2: 59.64 sq.in. 
Four-wall system A p1: 1.524 sq.in. Ap: 1.524 sq.in. 
Ap2: 60.33 sq.in. 
Table 4.3 Area of required post-tensioning steel for various wall systems 
Neutral axis depth Initial post-tensioning steel 
of trailing wall (in.) stress (Fp; )(ksi) 
Two-wall system 4.67 79.26 
Three-wall system 3.47 77.79 
Four-wall system 2.54 7G.64 
Table 4.4 Desigu values for the initial stress in the post-tensioning tendons. 
Actual capacity (kip-in) Design moment (kip-in) 
Two-wall system Mt ead ,cal culaJed: 49608.96 kip-in Mt ead ,design: 49212.65 kip-in 
Mtatal ,calculated : 78G88.18 kip-in. l'vft.olal ,design: 75780 kip-in. 
Three-wall system ]\l[;nl er,cal cnlaled: 30298.45 kip-in }.[in t er.design: 29579.38 kip-in 
}.flat.al ,cal cula/.ed: 78329.31 kip-in. Aftotal ,rles ign : 75780 kip-in. 
Four-wall system lvf;nt. cr ,calcv.lat.ed: 21692.90 kip-in !i1inler ,des ign: 21212 .675 kip-in 
lift.otal ,cal culated: 77995.11 kip-in Mtotal ,design: 75780 kip-in 
Table 4.5 Actual aud Design moments for the wall systems. 
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are greater than the design values. (Figure 4.2 and Figure 4.3). 
Step 7: Confinement design 
For confinement steel design, Bmax is taken as 0.03 and the corresponding moment capacities (Nlmax) 
are taken from the simplified analysis that lead to the various capacities in Table 4.6. The Mmax and 
the required concrete strain capacity values are shown below in Table 4.6. Note that Ps required is 
Wall system MmM:(kip-in) N.Axis depth (in.) Econc Ps 
Two-wall system 55764.77 11.128 0.0126 0.0081 
Three-wall system 33540.16 6.838 0.00765 0.0034 
Four-wall system 24227.37 4.926 0.0055 0.0014 
Table 4.6 Design of the confinement steel ratios for the wall systems. 
less than Ps ,min, which is equal to 0 ):,:~ = 0.012. So, the minimum amount of confinement should be 
provided. 
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Figure 4.3 Comparison of design moment of the wall system with that calculated 
using the design details. 
4.3.2 Example 2 
Design a two-wall, three-wall, and four-wall jointed system to resist a base moment of 75780 kip-in . 
For this example, assume the length of the total wall system and number of UFP connectors to be 
the same as those used in the PRESSS test building. In addition, use the same material properties 
established for the PRESSS wall, except for the concrete strength which is taken as 6 ksi. 
Design solutio11: 
Step 1: 
Jvfaterial Properties: 
Concrete stre11gth (f~) = G ksi. 
Concrete de11sity he ) = 150 pcf. 
Yield Strength of post-tensioning bar Uvu) = 140 ksi. 
Young's Modulus for post-tensioning bar (E11 ) =27700 ksi. 
The force-displacement response of the UFP connector is taken as same as the PRESSS buil<ling test. 
Wall dimensions: 
Length of a single wall (Lw) = 108 i11. 
Thick11ess of the wall ( t 111 ) = 8 in. 
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Height of t he wall (Hw) =450 in. 
Step 2: 
S.No Wall system Length of single wall 
1 T wo-wall 108 
2 Three-wall 72 
3 Four-wall 54 
Table 4. 7 Length of t he wall in wall systems. 
Given that, the design moment ( Mdesign) = 75780 kip-in. 
Step 3: 
Assume t he design drift (Bdes ) = 0.02. 
Force t ransmit ted through each connector at Bdesi F con is shown below in Table 4.8. 
In order to have the same damping as t he PRESSS building, t he total number of connectors in t he wall 
system is taken same as t he PRE SSS building. 
Hence, t he total number of connectors in t he wall system = 20. Table 4.8 shows t he number of connectors 
per vertical joint . 
S. No Wall system N can,No.of connectors Fcon (Kip ) 
1 Two-wall 20 11.6 
2 T hree-wall 10 10.5 
3 Four-wall 7 9.8 
Table 4.8 Number of connectors per vert ical joint and connector forces. 
Step 4: Find M - design and AP 
From Equation 4.2, 
NI . _ S1 lllfdesign 
dcS?gn,wall - n¢ 
S1 = 1 + ad>Ncan FcanLw 
Afc1esign 
In the above equation, ¢ = 0.9 should be used as per t he current design practice. However , ¢ = 1 is 
used in t his example to dernollstratc the accuracy of t he design procedure. Table 4.9 demonstrates the 
estimation of Nlc1csign,wall for the various wall systems. 
Now solving Equation 4.4 alld Equation 4.5 of the design procedure, t he following Av values (Table 
4.10) are obtained. The smallest value is taken as the required area of post-tensioning steel. 
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Parameters Two-wall system Three-wall system Four-wall system 
n 2 3 4 
¢ 1 1 1 
a 0.9 1.03 1.03 
Lw 108 72 54 
Peon 11.65 kip 10.5 kip 9.8 kip 
Mdesign 75780 kip-in 75780 kip-in 75780 kip-in 
n 1.3 1.10 1.05 
NI design.inter 27855.6 kip-in. 19898.2 kip-in 
Mdesign, lead 49212.65 kip-in. 
Table 4.9 Estimation of Mdesign,wall for various wall systems. 
roots of quadratic design solution 
Two-wall system Ap1 : 3.598 sq.in. Ap: 3.598 sq.in. 
Ap2: 54.75 sq.in. 
Three-wall system Ap1: 4.61 sq.in. AP: 4.61 sq. in. 
Ap2: 36.61 sq.in. 
Four-wall system Ap1 : 5.34 sq.in. Ap: 5.34 sq.in. 
Ap2: 25.58 sq. in. 
Table 4.10 Area of required post-tensioning steel for various wall systems. 
Step 5: Design of initial stress in post-tension steel, Fp; 
Now from Equation 4.6 and Equation 4. 7 of the design procedure, design the initial post-tensioning 
steel stress required. The details are shown below in Table 4. 11. 
Step 6 : 
Neutral axis depth Initial post-tensioning steel 
of t he trailing wall (in.) stress ( Fp;) (ksi) 
Two-wall system 4.67 79.26 
Three-wall system 8.65 106.32 
Four-wall system 10.GG 119.88 
Table 4.11 Design values for the initial stress in post-tensioning tendons 
By using the simplified analysis procedure for the wall systems with the designed values of AP and Fp;, 
the actual moment capacities of t he wall systems are obtained . The results are shown in Table 4.12. 
The calculated capacities of individual walls and the wall systems iu all cases at the design drift of 2% 
are greater t han the design values. (Figure 4.4 and Figure 4.5). 
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Actual capacity (kip-in ) Design moment (kip-in) 
Two-wall system M1 ead ,calculated: 49608.96 kip-in M1 ead ,design: 49212.65 kip-in. 
Mtotal ,calculated: 78688.18 kip-in. Mtotal ,design: 75780 kip-in . 
Three-wall system Minter ,cal culated: 27937.97 kip-in Minter ,design : 27855.6 kip-in . 
Mtotal ,calculated: 76097.31 kip-in. Mtotal ,design: 75780 kip-in . 
Four-wall system M inter ,calculated: 18980.17 kip-in Minter ,design: 19898 kip-in . 
Mtotal ,cal culated: 75688. 78 kip-in. Mtotal,design: 75780 kip-in. 
Table 4. 12 Actual and Design moments for the wall systems. 
Step 7: Confinement design 
For confinement steel design, Bmax is taken as 0.03 and the corresponding moment capacities (Mma x ) 
are taken from the simplified analysis that leads to the various capacities in Table 4.13. The Mma x and 
the required concrete strain capacity values are shown below in Table 4.13. Note that p8 required is 
Wall system Mmax(kip-in) N.Axis depth (c) Econc ( reqd . ) Ps 
Two-wall system 55764.77 11.128 0.0126 0.0081 
Three-wall system 28225.76 11.11 0.0128 0.0082 
Four-wall system 19687.07 12.01 0.0133 0.009 
Table 4.13 Required confinement steel for the wall systems. 
less than Ps,m in , which is equal to 0-J:/;· = 0.012. So, the minimum amount of confinement should be 
provided. 
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CHAPTER 5. CONCLUSIONS 
5.1 Overview 
Concrete structural walls provide a cost-effective means to resist seismic lateral loads and , thus, 
they are frequently used as the primary lateral load resisting system in reinforced concrete buildings. 
Structural walls have performed very well in past seismic events. With the added benefits of precast con-
crete, unbonded post-tensioned precast jointed walls are an excellent system for resisting lateral forces. 
The primary limitation for using precast systems in seismic regions of the United States is the code 
specification the requires t he design of precast concrete structures to emulate the behavior of monolithic 
cast-in-place concrete structures. In response to a need to overcome this limitation, as well as to utilize 
the benefits of the precast concrete, and promote the precast concrete as a preferred alternative for 
seismic design, the PRESSS (PREcast Seismic Structural Systems) program was initiated in the early 
1990s in the United States. As part of the PRESSS research , a five-story precast test building incorpo-
rating an unbonded post-tensioned precast concrete jointed wall system was constructed and tested at 
t he University of California at Sau Diego (UCSD). During the testing it was found that the jointed wall 
system performed well a bove the expectations of the researchers. With an objective of implementing 
this system i11 practice, a set of design guidelines was established for u11bonded post-tensioned jointed 
walls by Stanton €1 Nakaki. Utilizing the previous work done by Thomas €1 Sr·itharan (2003)and Ormr 
€1 Sr-dharan (2004), in this thesis, a simple analysis procedure is developed and validated against the 
cxperillle11tal response of the jointed wall systems and the precast single walls. A further validat ion of 
analysis procedure developed by Thornas €1 Sr-itharan (2003) based on the "monolit hic beam analogy 
(MBA)" is also conducted. Based on this analysis procedure, a design method is developed for designing 
t he jointed wall systems wit h equal wall lengths. 
85 
5.2 Conclusions 
The following conclusions have been drawn as a result of the analytical investigation based on both 
the simplified analysis and t hat based on the monolithic beam analogy (MBA): 
• The simplified analysis method and the analysis procedure based on the monolithic beam analogy 
(MBA method) adequately predicted the moment resistance of the PRESSS jointed wall and the 
single precast walls tested by ATLSS research center. 
• Both the analysis procedures predicted the post-tensioning steel elongations satisfactorily. 
• In a jointed wall system, leading wall contributes to the maximum moment resistance in two-wall 
system and intermediate wall contributes more in multi-wall system. 
• The MBA method was found to be satisfactory in predicting the concrete strain near the wall 
base in the single precast wall tested at ATLSS research center. 
• Increasing the number of walls in a jointed system is found to be inefficient . In other words, for a 
given length of the jointed wall system, two wall system is more efficient than three wall system. 
• Moment contribution of the wall providing the maximum moment resistance can be determined 
from 
where , n is the number of walls, 
M . _ n Nldesign 
design ,w - n</> 
" a <f> N conFcon L w H = l +------
Nfdesign 
n is the moment contribution factor , aml 
a is a constant . 
whe11 n= 2, ]\lfdes ign ,wa.ll = ]\lfdesign,l ea.d and a = 0.9 
when n ;::: 3, llfc1esign ,wa.u = Mc1esign ,int.cr and a = 1.03 
(5. 1) 
(5.2) 
The a values were arrived from the study Oll various wall systems behavior as stated before. 
• For a given length of the wall system and the amount of post-tensioning steel, jointed walls with 
unequal wall lengths are foulld to be more efficient compared to jointed walls with equal wall 
lengths. 
• The design method developed in Chapter 4 is found to be satisfactory in designing the jointed 
wall systems with equal wall lengths. 
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• In a jointed wall system, the design can be simplified by designing only the wall resisting the 
maximum moment resistance. 
5.3 Future Research 
• Further investigation of an accurate equivalent plastic hinge length (Lp) for unbonded post-
tensioned precast systems should be performed to improve the suggested MBA method. 
• Testing of unbonded post-tensioned precast jointed wall systems with different wall lengths should 
be performed to further validate the simplified analysis procedure, the MBA method and the 
design procedure. 
• More testing of the jointed walls with different aspect ratios are necessary to validate the accuracy 
of various analytical and design methods. 
• Testing of jointed wall systems with end columns are required to prove their better performance 
over the jointed wall systems proposed in the PRESSS project. 
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APPENDIX A. ESTIMATION OF f3 AND O'.lever VALUES 
Introduction 
The compressive strength and strain capacity of the concrete increase as the confinement rein-
forcement increases. The stress-strain behavior of confined concrete can be described using the model 
proposed by Mander et al. [17]. Using this model, an equivalent rect angula r block representation is 
examined for the confined conrete in this appendix. It is shown that , the effective concrete strength 
({3 J;c) and the location of the resultant compression force ( O:tever) varies with the unconfined concrete 
strength and the amou11t of confinement reinforcement . 
Confinement Model 
The stress-strain behavior of confined concrete may be described as (see Figure A.l ). 
j . _ f~exr 
e-
r - 1 + xr 
f ;e = J;(2.254 1 + 7 · 9~!; - 2 1~ - 1.254) f e f e 
Eec = 0 . 002 ( 1 +5( ~~~c - 1)) 
= O 004 + l.4ps fyh Es·u 
Ecu · j '' 
CC' 
'/' = ----
Ee - E see 
and 
where,.fe is stress in concrete at strain of varepsilonc, 
f ;e is the peak confined concrete strength, 
Ee is the young's modulus of concrete, 
E sec is the secant modulus of concrete, 
E f ;c 
sec= -
Ece 
(A.l) 
(A. 2) 
(A.3) 
(A.4) 
(A.5) 
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Figure A.l Stress-strain behavior of confined concrete as described by Mander et 
al. 
ccc is t he strain corresponding to l~c' 
ccu is the strain corresponding to crushing of concrete, 
lvh is the yield strength of hoop reinforcement , 
c8 ,, is the ultimate strain capacity of hoop reinforcement, and 
1; is the effective lateral confining stress and 1; is the sum of l;x = kePxlvh and 1;Y = kePvlvh for 
rectangular confined regions. Px andpy are the transverse reinforcement area ratios in the principal 
directions. kc is the confinement effectiveness coefficient, A value of 0.6 is recommended for rectangular 
wall sections. 
Estimation of (3 value 
For a given value of cd in t he range of 0 and cC'u, (3 is defined such that the area under the stress-strai11 
curve up to cd will be equal to the area of the rectangle with a constant stress of (3 J;.C" He11ce, 
(A.6) 
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Estimation of Ct/ever value 
The location of the resultant compressive force in Figure A. 1 is defined as O'.tever€d from the origin. 
The moment of area under the stress-strain : 
(A.7) 
Hence, 
(A .8) 
Variation of Ct/ever 
To arrive at the variation of O'.tever and /3 with f~, the amount of confinement reinforcement provided, 
an investigation was conducted. In this study, t he confinement pressure was varied from 500 psi to 1800 
psi , while the unconfined concrete strength was varied from 5 ksi to 9 ksi. The corresponding O'.tev er 
and /3 values were obtained using the Equations A.5 and A. 7. The values of O'.l ev er obtained for different 
concrete strengths and confinements are plotted against .si_ in Figure A.2. By curve fitting the following 
Ect.: 
variation for O'.lever is established. 
€d 
O'.lever,max = 0.418 + 0.064 ln -
€cc 
Figure A.2 Variatiou of O'.lev er with ~ . 
Et:c 
(A.9) 
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APPENDIX B. ANALYTICAL INVESTIGATION OF UNBONDED 
POST-TENSIONED PRECAST JOINTED WALLS 
Introduction 
In t he present day design world , t he common practice is to design a structure for the reduced 
lateral forces and accept damage in potent ial plastic hinge regions, which are designed specifically 
for ductility of t he structure. The past eart hquake events demonstrated the superior performance of 
buildings incorporat ing t he structural walls as t he primary lateral load resisting system. Although the 
structural walls are a common and cost-effective way to resist t he lateral loads ind uced by earthquakes, 
it is necessary to make them more economical for them to be t he preferred option over other lateral load 
resisting systems. Traditionally, cast-in-place reinforced concrete is used for constructing t he structural 
walls. However , t he main disadvautage of t his practice is t he significant damage in plastic hinge regions 
with large residual drifts and wide resid ual cracks, leading to increased cost for repairing t he structures 
after a seismic event. The ideal solu t ion for this problem is to uncouple t he energy dissipation mechanism 
from the struct ure and provide it t hrough other means [29]. 
The recent t rend in t he construction industry is to use precast concrete for buildings due to its 
better quality control and rapid co11struction. The primary limitat ions of using precast coucrete for 
lateral load resisting systems i11 t he U 11ited States are t he code restrictio11 of designing precast concrete 
structures to emulate the behavior of monolit hic cast-in-place coucrete structures and t he lack of desig11 
procedures for precast structures in seismic regions. In response to the recognized 11eed to overcome 
t hese limitations of precast concrete walls and to promote t he precast concrete as a preferred alternative 
for seismic desig11 , the P RE SSS (PREcast Seismic Structural Systems) program was init iated in t he 
early 1990.s in t he United States. As part of t his program, researchers arrived at au iunovative structural 
system called "jointed wall system" fo r resisting t he lateral loads ind uced by a seismic event [l , 23]. 
The jointed wall system co11sists of mult iple unbouded single precast walls connected to each other 
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with the help of special connectors along the vertical joints, as shown in Figure 4.1. Unbonded post-
tensioned steel is located symmetrically across the cross-section of each wall. The unbonded steel yields 
at larger member deformation compared to bonded steel, allowing the unbonded jointed wall system to 
under go a larger nonlinear lateral displacement . The basic concept of the wall system is that it allows 
t he wall to rock individually at the base when the wall system is subjected to lateral loads and return 
to its vertical position after the event has concluded. The post-tensioned steel is typically designed to 
remain elastic under the design-level earthquake loading. As a result , the post-tensioning steel provides 
the restoring force for the jointed wall even when the vertical connectors experience inelastic action due 
to the earthquake load. This restoring force helps to minimize the residual displacements of the wall 
when the lateral load is removed. While the yielding of connectors in vertical joints contributes to the 
major part of total energy dissipated , a small portion of t he total energy is dissipated by the inelastic 
action in the concrete at the wall system base [8, 9]. 
As a part of the PRESSS program, a 60% scale model of a five story precast building with moment 
resisting frames in one direction and a precast jointed wall in the perpendicular direction was tested 
at University of California, San Diego (UCSD). The detailed investigation of the test results revealed 
that t he jointed wall suffered only minor spalling at the base when the building was subjected to an 
earthquake 50 percent higher than the design-level earthquake [8]. The UFP connectors (the vertical 
connectors used in the test building) provided a considerable energy dissipation and a small residual 
drift was observed after the design-level earthquake was removed. 
Following the PRESSS building testing, design guidelines were developed for jointed walls by Stanton 
and Nakaki [10] and was then followed a detailed investigation of the jointed wall by Thomas and 
Sritharan [18] to validate the proposed design guidelines. This investigation led to t he development of 
an analysis procedure to analyze the behavior of a jointed wall system. 
The prese11t paper presents an analysis procedure used to estimate the jointed wall behavior and the 
study of various wall parameters' influence on jointed wall system behavior . This paper also presents. a 
new jointed wall system configurat io11 , which is arrived at by optimizing various wall parameters based 
on the analytical study conducted . 
Simplified Analysis Procedure 
The performance of unbonded post-tensioned precast concrete walls is controlled by the gap opening 
at t he horizontal joints. To analyze a jointed wall system or a single wall with unbonded post-tensioning 
steel, an iterative procedure is suggested to find the neutral axis depth, for a given base rotation (2%) . 
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The force equilibrium and geometric compatibility conditions are used in the iteration process, which 
also leads to an estimate of the post-tension steel elongation. According to the design guidelines 
presented by Stanton & Nakaki, the following assumptions are made in the analysis procedure. 
1. The walls are provided with adequate out-of-plane bracing, preventing them from experiencing 
torsional and out-of-plane deformations. 
2. The dimensions and material properties of the walls and connectors are known. 
3. The fiber grout pad located at the interface between the wall and the foundation does not expe-
rience any strength degradation. 
4. All walls will undergo the same lateral deformation at every floor level due to the rigid floor 
assumption. 
5. The wall base has enough friction resistance, so that the wall will not undergo any lateral move-
ment at the base. 
6. The connectors and t he post-tension steel anchorages remain fully effective for the entire analysis. 
7. All vertical joints in a jointed wall system have the same number of connectors. 
The analysis procedure is described in the followiug steps. 
Step 1: Define wall system d·imensions, reinforcement details, and material properties. 
The following variables are defined in this step. 
Wall System Dimensions: 
h,,, = height of the wall system, 
tw = thickness of the wall system, 
tc,. = confinement area thickness , 
Lwall = length of the wall system , 
n = number of walls in the jointed system. and 
lw ( = 1 ":;'," ) = length of each wall. 
Prcstressi11g/Pos t-te11sio11i11g Steel Details: 
A.,,1 = area of a post-tensioniug tendon, 
np1 = number of post-tensioning tendons, 
h,11 = unbonded length of the post-tensioning tendon, 
;rpt ,i = location of the post-tension tendon from the rocking edge of the wall, 
Ep = modulus of elasticity of the post-tensioning tendon, 
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f po = initial stress in the post-tensioning tendon, 
f py = yield strength of the post-tensioning tendon, and 
A p, t ota l ( = npt A pt) = total post-tensioning steel a rea in each wall. 
Confinement Details: 
A s = area of confinement steel, 
s = spacing of the confinement steel, 
lcr = length of confinement area, and 
f y = mild steel yield strength. 
Concrete Properties: 
f~ = concrete compressive strength, 
j~ = compressive strength of interface grout, 
f~c = confined concrete strength, 
Ecc = concrete strain at fee, 
Ecu = concrete crushing strain, and 
Pc = concrete density. 
Connector Details: 
neon = number of connectors per joint, 
F sc = force in the connector corresponding to a displacement (use an experimentally established force-
displacement response of the connector to determine F8 c, as recommended by T homas & Sritharan ). 
Step 2: Decompression point 
In this step, the decompression point is found, which defines the beginning of a gap opening at the wall 
base, which corresponds to the condit ion when the stress in the extreme concrete fiber fart hest from 
the rocking edge reaches zero. Assuming a linear strain distribution at the crit ical section , due to the 
moment induced by the decompression force Fdecomp, the following equations are used to determine the 
correspo11di11g moment resistance. T he decompression moment (Mdecomp) is calculated from t he elastic 
fiexural formula er = A; c, substit uting appropriate values for the neutral axis depth ( c) and the moment 
of inert ia (I): 
er I 
]Vfdecorrip = ~'~ 
c 
Cli = 
'\:"'nP , j ' A L... J pi pt 
3 
J = t 111 l 111 
12 
lw 
c= -
2 
(B.l ) 
(B.2) 
(B.3) 
(B.4) 
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Step 3: Neutral axis depth at 2% base ro tation 
The neutral axis depth that satisfies the vertical direction force equilibrium at the wall base is found 
for each wall through iteration with an assumed neutral axis depth as the initial value. The following 
sub-steps are used in this process. 
l. Assume a neutral axis depth ( c) for the wall. 
2. Determine t he total gravity load on each wall (N) : 
where, w floor is the uniform dead load acting on the wall. 
3. Determine t he stresses and strains in t he post- tension tendon: 
• The elongation of the post-tensioning tendon: 
6. p,i = 0.02 (Xpt - c) (B.5) 
• The strain in each post-tensioning tendon: 
(B .6) 
• Calculate the stress in each post-tensioning tendon Uv) from the stress-strain curve of 
t he post-tension steel. The above steps should be repeated to determine the stress in all 
post-tension tendons. 
• The total post-tensioning force: 
(B. 7) 
4. Detenni11e the forces in t he vert ical counector 
• Calculate t he wall encl uplift from the following equation: 
6.endl i f l = 0.02(/w - r) (B.8) 
It is assumed that t he connector deformation is equal to 6. endli f t . 
• Determine the corresponding force in t he vert ical connector (Fsc ) from the force-displacement 
response of t he connector. 
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5. Determine the new neutral axis depth 
Assuming a uniform compressive stress acting at the wall base over a length of (Jc, where c is the 
neutral axis depth, the resultant compressive force 
(B.9) 
where, (3 is a constant and varies from 0.8-0.9, depending on the concrete strength and the 
amount of confinement steel reinforcement provided. For this procedure an average value of 0.85 
is assumed for (3 . 
• Calculate the resultant compressive force from equilibrium of forces 
C = P + N + n con Fsc, for the leading wall , 
= P + N + nconFsc - nconF~c for the intermediate wall , and 
= P + N - nconF~c for the trailing wall. 
F~c is the force in the connector corresponding to the previous wall iteration at 2% base 
rotation. 
• Calculate the neutral axis depth: 
c 
c= ---(3f~ctcr (B.10) 
Iterate the above five sub steps until c converges. 
Step 4: Select a base rotation ( (;} ) . ( 0 :::; (;} :::; (;},,Uima l e ). 
Choose any (;} value in the range of o and (;},,lt imate· 
Step 5: Deterrnine the forces acting on the wall at base rotation (;} [Figure B.2] 
1. Determine the neutral axis depth c0 corresponding to base rotation (;}: 
Based on the experimental results, it was found that the neutral axis depth does not significantly 
vary for interface rotations above 0.5%, as illustrated in Figure B.l. Consistent with this obser-
vation, the neutral axis depth in this analysis procedure is calculated at 2% base rotation (Step 
3) , which is theu utilized for all rotations above 0.5%. To model the nuetral axis depth more 
accurately at small (;} , a triliuear variation of neutral axis depth is assumed as a function of base 
rotation as demonstrated in Figure B.l. In this Figure, the point 1 correspo11ds to the wall length 
at 0% base rotation, where as points 2 and 3 are defined at base rota tions of 0.1 % and 0.5%, 
respectively. The neutral axis depth ( c) at point 3 is found from Step 3 is equal to nuetral axis 
depth at 2% rotation, and at point 2 is approximated to 2c. 
(0, Lw) 
- ' 
' 
' 
' 
' 
' 
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' 
' 
96 
----- Expcrimcml Neutml am Vllrimon 
--*- - ldeallmdNeulrll aids vadadon 
' 
' 
(0.03, c) 
0 o.oos 0.01 O.OlS 
Basero1ation 
0.02 0.025 0.03 
Figure B.l A trilinear idealization for t he neutral axis depth as a function of base 
rotation for analysis of walls with unbonded tendons. 
2. Determine stresses and strains in the post-tensioning steel: 
• The elongation of the post-tensioning tendon: 
6.p ,i = 0.02(Xpt - c) 
• The total strain in the post-tensioning tendon: 
(B. 11 ) 
(B.12) 
• Calculate the stress in each post-tensioning tendon Ur), from the stress-strain curve of t he 
post-tensioning steel. 
The above steps should be repeated to determine t he stress in all post-tensioni11g te11clons. 
• The total post-tensioning force: 
n 1,, 
P = LArdr (B .13) 
• Calculate the locatiou of the resultant post-tensio11ing force from the rocking edge: 
°"n,,, A 1· L..d pl. pl:pl.,i 
Xr1 = p (B. 14) 
Post-tensioning 
steel forces 
Dead Load 
l j 
Conn ctor 
force 
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Figure B.2 Various forces a.cting on the jointed wall system at base rotation e 
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3. Determine the forces in the vertical connector 
• Calculate the wall end uplift using following equation: 
6 endlift = 0.02 (lw - co) (B.15) 
It is assumed that the connector deformation is equal to 6 endlift· 
• Determine the corresponding force in the vertical connector ( Fse ) from the force-displacement 
response of the connector. 
4. Calculate the resultant compressive force from equilibrium of forces 
C = P + N + neanFse, for the leading wall , 
C = P + N + neonFse - n eon F;e for the intermediate wall , and 
C = P + N - n eon F;c for the trailing wall. 
F~e is the force in the connector corresponding to the previous wall calculation at base rotation 
e. 
5. Calculate the location of the resultant compressive force at the maximum drift: 
The resultant concrete compressive force acts at a distance of D/everCo from the rocking edge of 
t he wall. The lever arm factor at the maximum drift Dlever,max depends on the concrete strain 
(Ee ) at the drift . 
Ee 
alever,ultimate = 0.418 + 0.064 ln -
Eee 
l .05c8ult.ima.le 
0.06h111 
where c is t he neutral axis depth at 23 base rotation 
Step 6: Comp'Ute the resisting moment of the wall 
Taki11g the mome11t about the center of the wall , 
lilwall = 0.5lwFsc + P(Xpt - 0.5lw) + C(0.5L'l1' - rt:LeverCo) for the leading wall , 
= 0.5l ,,,(Fse + F~,J + P(Xpt - 0.51111 ) + C(0.5l 111 - C\'/cvcrCo) for the intermediate walls, and 
= 0.5L ."' F~e + P (Xpt - 0.5Lw) + C(0.5Lw - O:LeucrC(}) for the trailing wall. 
(B. 16) 
It is assumed that the value of n:lever varies linearly from 0.33 to Dtever,ultima.te as the base rotation 
varies from zero to Bma.,· . 
Steps 2 through 6 should be repeated for each wall before going to step 7. 
Step 7: Cornp'Ute the resisting moment of the entire wall system. 
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The moment capacity of the wall system is obtained by summing all the individual wall capacities. 
Thus, 
n 
Nlwallsystem = I: Mwall 
l 
(B.17) 
Though this procedure is developed for the jointed wall systems, it can also be used to predict 
the lateral load behavior of unbonded post-tensioned precast single walls. For single wall analysis, t he 
connector forces will be set equal to zero. This procedure can also be used to analyze jointed walls with 
different wall lengths. In this case appropriate wall lengths should be used to estimate the neutral axis 
depth, connector forces , and wall base moments. 
Parametric Investigation 
This section presents the analytical parametric investigation of the jointed wall system under pseudo-
static lateral loads. The results of the parametric study are obtained from the analysis procedure 
presented in this paper. This parametric investigation considered 21 unbonded jointed wall systems 
including: t he prototype wall (JWl), which is the jointed wall system used in the PRESSS test building, 
tested at UCSD as a part of the PRESSS program, 21 other walls (JW2 to JW21 ) with various wall 
parameters varied systematically to capture their effect on the jointed wall system behavior. The values 
of the various wall system parameters in all the walls investigated are shown in following Tables. 
Wall System Parameters 
The influence of the following wall system parameters are investigated on the lateral load behavior 
of the jointed wall system. The parameters are: 
1. Total number of connectors across a vertical joint: 
This wall parameter investigation is to determine the effect of the number of connectors in a 
vertical joint (neon) on the lateral load response of the jointed wall system, when all other pa-
rameters are kept unchanged. Table B.l shows the various wall parameters' values for the walls 
considered . 
2. Initial prestressing force with constant post-tensioniug steel area: 
The purpose of this i11vestigation is to estimate the effect of initial stress in post-tensioning 
teudons on the jointed wall behavior , while keepiug the total post-teusioning steel area in the 
wall and the wall system constant. Table B.2 provides the details of the wall systems considered 
for the investigation. 
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Wall A p fpi p i ltlftive N eon 
(sq.in) (ksi) (kips) (kips) 
JW2 3.4 50.65 172.2 31.85 12 
JW3 3.4 50.65 172.2 31.85 16 
JWl 3.4 50.65 172.2 31.85 20 
JW4 3.4 50.65 172.2 31.85 24 
JW5 3.4 50.65 172.2 31.85 28 
Table B.l Parametric investigation of number of connectors per joint. 
Wall A P fpi p i W tive N eon 
(sq.in) (ksi) (kips) (kips) 
JW6 3.4 45 153 31.85 20 
JWl 3.4 50.65 172.2 31.85 20 
JW7 3.4 65 221 31.85 20 
JW8 3.4 70 238 31.85 20 
JW9 3.4 75 255 31.85 20 
Table B.2 Parametric investigation of initial stress in post-tensioning steel with 
constant steel area. 
3. Init ial prestressing force with variable post-tensioning steel area: 
This parametric investigation is to evaluate the init ial stress in post-tensioning steel with variable 
post-tensioning steel area, while constant initial prestressing force is maintained. Four walls are 
included in in this parametric investigation, as shown in Table B.3. 
Wall Ar fpi p i iVi ive Neon 
(sq.in) (ksi) (kips) (kips) 
.JWlO 2.55 86.7 221 31.85 20 
JWll 3.4 G5 221 31.85 20 
.JW12 4.25 52 221 31.85 20 
.JW13 5.1 43.3 221 31.85 20 
Ta ble B.3 Parametric investigation of init ial stress in post-tensioning steel wit h 
vnriable steel area. 
4. Post-tensioning steel area: 
The purpose of t his investigation is to understand t he effect of post-tensioning steel area variation 
in the wall system on its lateral load performance. Table B.4 shows the walls considered for t his 
investigation. 
5. Number of walls in a jointed wall system: 
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Wall A r f pi p i 1--Vlive N eon 
(sq .in) (ksi) (kips) (kips) 
JW14 2.55 50.65 129.16 31.85 20 
JWl 3.4 50.65 172.21 31.85 20 
JW1 5 4.25 50 .65 215.26 31.85 20 
JW16 5.1 50.65 258.32 31.85 20 
Table B.4 P arametric investigation of post-tensioning steel area. 
The purpose of this study is to underst and the effect of varying the number of walls in a jointed 
wall system , while keeping the total length of the wall system , total area of post-tensioning steel 
in the wall system, and the total number of connectors constant. Table B.5 shows the det ails of 
the walls considered for this investigation. 
Wall n lwall Ar f pi pi Wlive N eon 
(sq.in ) (ksi) (kips) (kips) 
JW17 2 108 3.4 61 172.21 31.85 20 
JW1 8 3 72 2.27 83.6 172.21 31.85 20 
JW19 4 54 1.7 95.2 172.21 31.85 20 
Table B.5 Parametric investigation of number of walls in jointed wall system. 
In this investigation , base shear vs. top-floor lateral displacement responses a re used to understand the 
effects of wall parameters on jointed wall system lateral load behavior. The base moment vs. lateral 
displacement responses are obtained from the analysis procedure presented in this paper. 
Prototype Wall System 
The proto type wall considered for the parametric study in this paper is the jointed wall system 
used in the PRESSS test building. The precast jointed wall system used in the PRESSS building 
consisted of four 8-in thick wall panels, each 2 ~ stories tall (18.75-ft ) by 9-ft wide. The panels were 
joi11ed vertically to form two walls separated by a small gap between them. Each wall was secured to 
the found atio11 using four unbonded post-tensioning bars (total area of 3.4 sq . in) located at the center 
of the walls. These two walls were connected by 20 U-shaped flexural plates (also referred to as U-plates 
or UFP connectors), which were placed in the gap running in vertical direction between the walls. The 
U-plates were used as the connector because of their ability to maintain force resistance under la rge 
displacements and contribute to energy dissipation by flexural yielding. Confinement of t he concrete 
at the base of each wall is provided with the help of hoop reinforcement , which increases the strain 
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capacity of the concrete, allowing the walls to undergo large lateral drifts under applied lateral loading. 
From here on, in this paper, any mention of the connector will refer to the UFP connector. 
Discussion of Results 
This section presents the results obtained for the parametric study. First, the calculated lateral load 
response for the prototype wall is presented along with its experimental response. This will validate the 
accuracy of the analysis procedure presented for the jointed walls' behavior. Then, the effects of the 
various wall parameters on the lateral load behavior of the jointed wall system are discussed in detail. 
Prototype Wall Behavior 
Figure B.3 presents the base moment vs. lateral displacement for the prototype jointed wall cal-
culated from the simplified analysis procedure. The figure also presents the base moment response 
calculated by various analysis procedures proposed by Thomas & Sritharan. At the top floor displace-
ment of 11.5 inch, the calculated base moment capacity is only 2.3% below the isolated experimental 
wall capacity. 
5() 
Top Floor Displacement (mm) 
1.0'1 150 ?,()(/ 250 
Improved PRESSS 
Experimental 
PRES SS 
- - - -0- - - - Simplified Analysis 
MBA 
4 5 o ! R j(l l' 
Top Floor Displaoement (in) 
J(){) 
800\l 
!WO 
Figure B.3 Comparision of base moment-top floor displacement response en-
velopes for joi11ted wall. 
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Discussion of Parametric Study Results 
1. Effect of number of shear connectors in vertical joint : 
Figure B.4 shows the effect of varying the number of vert ical connectors (in this case UFP 
connectors) in a vert ical joint. From t he Figure it is seen that as the total vertical shear force 
is increased along t he vertical joint, t he base moment capacity of the jointed wall is increased 
correspondingly. It can also be noted from Figure t hat, as the number of connectors in t he joint 
increases the stiffness of the wall system also increases. However , note t hat one can't increase the 
number of connectors as they wish, as an increase in the number connectors wit h other parameters 
intact will increase t he residual drifts and the possibility of wall lift off. 
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:a ~6000J 
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Figure B.4 Effect of number of connectors in vertical joint on the lateral load 
behavior of jointed wall. 
2. Effect of iuit ial stress in post-tensioning steel: 
T he effect of varying the amount of init ial stress iu steel, with constant post-tensioning steel a rea 
cau be see11 in F igure B.5. From t he F igure it is clear that as t he initial stress in post-teusioning 
steel is increased , t he decompression moment increased, and correspondingly, the init ial stiffness of 
the wall system increased. The increase in the init ial stress in post-tensioning steel also increases 
the maximum capacity of the jointed wall. However, increasing the init ial stress can not be more 
t han a certain value, as beyond which post-tensioning steel will yield before reaching a required 
displacement, causing a permanent residual displacement. 
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Figure B.5 Effect of initial stress in post-tensioning steel on t he lateral load be-
havior of jointed wall. 
3. Effect of t he initial stress in post-tensioning steel (with initial post-tensioning force constant ): 
Figure B.G presents the effect of varying t he amount of init ial stress in steel, while the total 
initial post-tensioning force is kept constant. The decompression moment is unaffected with the 
increase in the initial stress in post-tensioning steel , as it depends on the init ial post-tensioning 
force only. As the initial stress in post-tensioning steel is increased, the total post-tensioning steel 
area is decreased , which leads to the decrease in the moment capacity of the wall system. 
4. Effect of total post-tensioning steel area: 
Figure B. 7 presents the effect of varying total post-tensioning steel area 011 t he response of the 
jointed wall system. As the area of post-tensioning steel increases, the decompression moment 
also increases, as t he total initial post-tensioning force is increased with the increase of the 
post-tensioning steel area. The lllOment capacities at higher drift levels also increases as the 
post-tensioning steel area increase. Note that t he overall shape of the response curve is very 
similar for all t he cases. 
5. Effect of m1mber of walls in jointed wall system: 
Figure B.8 shows the effect of spli tting the jointed wall into more walls on the lateral load behavior 
of the jointed wall system. From the Figure we can observe that, as the 11umbers of walls increased, 
the base moment capacity decreases drastically. From the two-wall jointed system to the three-
0 
Figure B.6 
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Effect of initial stress in post-tensioning steel on the lateral load be-
havior of jointed wall. 
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Figure B.7 Effect of a rea of post-tensioning steel on t he lateral load behavior of 
jointed wall. 
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wall jointed system, the moment capacity is decreased by nearly 50%. As the number of walls 
in the jointed system increased , t he decompression moment decreased, and correspondingly, the 
inital stiffness of the jointed wall system decreased. 
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Figure B.8 Effect of splitting of walls on the lateral load behavior of jointed wall 
system 
Overall , from the parametric study it is found that t he increase in number of counectors in a 
vertical joint, increase in post-tensioning steel area, and increase in initial stress in post-tensioning 
steel, increases t he lateral load capacity. Whereas the splitting of the wall system (increasing t he 
number of walls) decreases the lateral load capacity of the wall system. The efficiency of th_e multi-
wall (lllore t han two walls) jointed system cau be improved by having unequal lengths for walls and 
different a11101111ts of post-tensioniug steel in different walls. That is, for a three-wall joiuted system , t he 
intermediate wall length is more thau that of trailing and leading wall (which are kept t he same length 
for symmetry) , aud t he amount of post-teu:;ioniug steel area in iutermediate wall is more than that of 
t he leading and trailiug walls. Consider a three-wall jointed system ( JW20) with an intermediate wall 
length of 120 inches, and leading and trailing wall lengths of 48 inches. The post-tensioning steel a rea 
in t he intermediate wall is 4.2 sq. in. and remaining 2.6 sq.in of steel is provided in t he leadiug and 
trailing walls. The stresses in the post-tensioning steel in t he intermediate, leading, aud trailing wall. 
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are 55 ksi, 95.2 ksi, and 95.2 ksi, respectively. 
The calculated response of t he JW20 wall system is shown in Figure B.9. From the Figure, it can be 
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Figure B .9 Effect of unequal walls on t he lateral load behavior of jointed wall 
system. 
seen t hat t he init ial stiffness of t he wall system JW20 is increased drastically compared to JW1 8. The 
moment capacity is also increase by nearly 20% when compared to JW1 8. Also note that the jointed 
wall system with unequal wall lengths has bet ter self-centeri11g capa bility compared to t he jointed wall 
with equal wall lengths. T hough the moment capacity is increased by t he unequal splitting of t he 
jointed wall system, it does not quite reach t he capacity of t he two-wall jointed system. In order to 
achieve t hat , t he length of the intermediate wall has to be fur thur incresead , t hus still decreasing t he 
leading and t railing wall lengths. T his leads to a new c011cept of jointed system called "jointed wall 
with e11d columns." 
Jointed Wall With End Columns 
T he jointed wall with encl columns system consists of an unbonclecl single precast wall connected 
to two end colunrns with t he help of special connectors along the vert ical joints, as shown in F igure 
B .10. Unboncled post-tensioned steel is located symmetrically across t he cross-section of t he wall. The 
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precast wall and the columns are tied to the foundation with the help of post-tensioning steel. 
Now consider a jointed wall with end columns system (JW21) which has the following properties: 
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Figure B .10 Jointed wall with end columns system 
leugth of the precast wall is 168 inches and all other properties are same as the prototype wall (JWl). 
The end column dimensions are 24 inches by 24 inches. Each end column contains 1 sq. in of post-
tensioning steel and the precast wall contaius 4.8 sq.in of post-tensioning steel, so that the total amount 
of post-tensioning steel is same as the prototype wall system. Each vertical gap between single wall and 
the column cousists of 10 connectors. The Figure B.11 shows the lateral load response of J\i\121. 
In the jointed wall with end column system, the connectors used (UFP) for analysis reached t heir 
maximum capacity by 2% drift . So, the system response in Figure B.11 is limited to 2% drift. From 
Figure B.11, one can see that t he jointed wall with end colun111s has the same capacity as the two-wall 
joiuted system. The new system has higher initial stiffness and greater self-centering capability com-
pared to the two-wall jointed system. Thus, this new jointed wall with end columns system is more 
efficient in resisti11g lateral loads when compared to the jointed wall system. 
109 
80000 80000 
60000 
40000 
0 0.8 1.2 1.6 
Larnl Ddlt (%) 
Figure B.11 Comparison of jointed wall with end column system response with 
two-wall jointed system response. 
Conclusions 
Based on the results of the analytical study, the following conclusions can be drawn: 
1. The analysis procedure predicts the jointed wall system behavior satisfactorily. 
2. The parametric study of 20 walls indicated that the lateral load behavior of the jointed wall cau 
be controlled by controlling various wall system parameters. 
3. T he splitting of the wall system into more walls is found to be ineffi cient . The two-wall system is 
more efficient jointed wall system compared to a multi-wall jointed system with equal wall lengths. 
So, given a choice, a two-wall jointed system is preferred over a multi-wall jointed system. 
4. In t he case of a multi-wall jointed system, uuequal wall lengths systems arc found to be more 
effi cient compared to equal wall length systems. 
5. The jointed wall with end columns system is an ideal and efficient system to resist the lateral 
loads. 
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APPENDIX C. ACCURACY OF MOMENT CONTRIBUTION 
FACTOR FOR JOINTED WALLS 
Introduction 
In Chapter 4, an equation was presented to determine the design moment of the critical wall in a 
jointed wall system with equal wall lengths. The equation is , 
, 1 ,-,Mdesign 
l l /, design,w = H n</> (C.l) 
(C.2) 
where, n is the number of walls, 
n is the moment contribution factor , and 
a is a constant . 
when n = 2, li1design,wall = lifdesign,lead and a= 0.9 
when n 2: 3, N l dcsign ,wall = li1design ,in t e,. and a= 1.03 
The accuracy of Equatio11 C. l is examined by considering a t hree-wall system with various properties 
(see Tables C.l) and comparing the calculated value of At.11'"''' for three-wall jointed system with the I nto/ 
values obtained from the simplified analysis procedure at a clesig11 drift of 2%. The compariso11 of results 
are shown in Figure C. l. From this Figure aud Table C.l, is is see11 that the Equatiou C.l estimate t he 
JIJ,,,, ·"" 1 " value satisfactorily. 
/\f1otu.I ' 
111 
Lw tw A st eel F pi Neon Fcon Minter Mtotal l\1desi g n !\;/ d es ign !Vf to f- al M t,o t,al 
(inch) (inch)) (inch2 ) (ksi) (kips) (kip-in) (kip-in) (Analysis) (Formula) 
108 8 3.4 50 .64 20 11.35 47962 118494 0.405 0.405 
90 8 3.4 50.64 20 10.94 37478 91958 0.407 0.407 
84 8 3.4 50.64 20 10.81 34183 83645 0.409 0.408 
72 8 3.4 50.64 20 10.54 27910 67869 0.411 0.410 
108 8 3.4 50.64 10 11.38 35639 94403 0.376 0.378 
90 8 3.4 50 .64 10 10.97 27578 72664 0.379 0.380 
72 8 3.4 50.64 10 10.56 20285 53075 0.382 0.383 
108 8 4 50.64 20 11.33 51228 128333 0.399 0.399 
90 8 4 50.64 20 10.93 39937 99369 0.402 0.401 
72 8 4 50.64 20 10.526 29652 73119 0.4055 0.405 
Table C .1 A three-wall jointed systems with different design variables. 
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Figure C .l Comparison of calculated A;;•";",, for a three-wall jointed system with 
tolt1! 
Equation C.l and the simplified analysis procedure. 
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